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SIMULATION OF TISSUE DIFFERENTIATION IN UNCEMENTED HIP 
IMPLANTS BASED ON A MECHANOREGULATORY HYPOTHESIS 
 
By Pramod Kumar Puthumanapully 
 
The proportion of uncemented implant procedures carried out annually worldwide is increasing, 
with improved clinical outcomes for young and old patients alike. However, their success depends 
largely on their ability to achieve good initial stability and long term bone ingrowth. There are a 
number of factors that govern this process and failure to integrate with surrounding bone could 
lead to loosening. Implant design factors are important with respect to implant/bone integration, 
and their shape, size and, if there is a coating present, the nature of coating, may be optimised to 
promote bone ingrowth around the implant. To this end, novel preclinical testing tools have been 
developed using computational methods, with the aim of predicting the response of bone to the 
implant. 
  This thesis describes the development and application of a novel algorithm that simulates tissue 
differentiation around implants using finite element methods, to study design features that could 
promote bone formation at the interface. To illustrate the capabilities of the algorithm, a series of 
case studies were undertaken which focussed on the porous coating and implant geometries. The 
results were then compared to clinical data for corroboration. The effect of implant geometry was 
investigated  by  simulating  tissue  differentiation  around  short  stemmed  and  long  stemmed 
implants. For short stemmed implants, the beneficial role of shape, size and specific design features 
such  as  the  lateral  flare  were  highlighted.  For  conventional,  diaphyseal  filling  long  stemmed 
implants, tissue differentiation around the implant, and the influence of different porous coating 
lengths on bone formation at the interface was investigated. It was predicted that bone formation 
occurs more on the distal aspects of the stem and did not vary much with coating length. No added 
advantage in terms of the bone formation was observed for proximal coated implants. Given the 
relatively similar performance, using the porous coating over the entire length of the implant was 
favoured in light of the increased surface area available for ingrowth. As a final case study, the 
algorithm was employed in a microscale study of a sintered beaded coating, to investigate the effect 
of  micromotion  on  tissue  differentiation.  The  results  suggested  that  micromotion  had  a  strong 
influence on bone formation at the interface. In addition, it was found that a two layered porous 
structure appeared to promote more bone formation than the typically used three layered coatings 
for similar micromotion levels.  
  The results obtained from the aforementioned case studies corroborated well with clinical data 
and clearly demonstrated the efficacy of the algorithm in simulating tissue differentiation around 
uncemented  implants  and  highlighted  the  importance  of  design  features  in  promoting  bone 
ingrowth and securing a stable fixation. Table of Contents 
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CHAPTER 1   
 
 
INTRODUCTION 
 
This  section  introduces  the  background  behind  the  research  and  provides  an  overview  of  the 
research encompassed in this thesis along with its relevance and importance to current implant 
designs. 
   Chapter 1                         Introduction 
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Quality of life has improved considerably over the years thanks to advances in medicine and living 
conditions. However, many diseases and ailments still exist and some are even on the rise, reducing 
and hindering the quality of life, especially among people aged 50 and older.  In this age group, one 
of the most prevalent afflictions is arthritis, which involves the wear, tear and degradation of joint 
surfaces.  Arthritis  is  thought  to  be  associated  with  old  age,  obesity,  infection,  a  faulty  immune 
system and lifestyle among other factors. The hip and the knee are the most frequently affected 
joints, where the condition can be very painful and debilitating.  
 
The hip joint in particular is one of the most vulnerable to diseases and impairment. This is mainly 
due to the range of movement and extensive use of the joint in daily activities. In addition, the 
whole of the body weight is transferred through the joint, making it highly susceptible to failure. 
Total hip replacements (THR) or hip arthroplasties have been sporadically performed since the 
early 1900’s in various forms but have only come in to prominence as a safe and tested method 
since the 1960’s. The Swedish joint register, one of the oldest joint registers, records that in the late 
1960’s there were only 6 operations carried out in Sweden as opposed to 14,000+ operations in 
2007,  clearly  indicating  the  success  of  the  procedure  through  the  years  [1].  Traditionally,  hip 
replacements have been used for the older patient population (>60 years). As an example, the same 
register also states that between 1992 and 1999, there were 5 times more procedures for patients 
over 60 years as opposed to those younger than 60 years. However, this trend is changing, with the 
number of younger patients undergoing THRs increasing every year [2]. 
 
There  are  two  main  methods  of  fixation  of  THRs,  cemented  fixation  and  uncemented  fixation. 
Cemented implants use bone cement as a grout and filler to fix and hold the implant in position. 
Uncemented implants do not use bone cement and rely primarily on a mechanical interlock with 
the surrounding bone for initial stabilization, coupled with bone ingrowth or osseointegration after 
a few months to secure a stable fixation. Cementing has been the preferred choice of surgeons, 
especially since the advent of bone cement and its successful use by Sir John Charnley in the late 
1960s. For the older patient demographic, cemented techniques offer increased longevity and less 
need for revision [1-4]. This is for the most part due to the age group and the level of activity the 
patient engages in. An older patient would typically not have a very active lifestyle, and considering 
the poor bone stock associated with the demographic in that age group, the use of cement would be 
the best choice. In addition, the long term detrimental effects of using bone cement such as thermal 
and  chemical  necrosis,  cement  particle  osteolysis  and  interface  debonding  would  not  be  as 
prevalent as in younger patients. 
 
Uncemented or cementless implants, introduced in the 1980s, rely on a good interference fit and 
frictional interlock with the surrounding bone to achieve primary stability. They are then stabilized 
further by bone ingrowth. This is achieved through certain design features such as roughened or 
porous surfaces, porous coatings, or osteoconductive coatings to encourage bone to grow into them 
to form a continuous interface from the surrounding bone to the implant. If successful, long term Chapter 1                         Introduction 
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stability should then achieved, and avoid the many problems associated with bone cement. It is on 
this premise that cementless implants are being used increasingly for younger patients who need 
the implants to last considerably longer than older patients. In addition, young patients also have 
better quality of bone which is suitable for this type of fixation. However, a major concern remains: 
if bone ingrowth cannot be achieved, there is a high possibility that the interface could weaken over 
time,  leading  to implant  failure.  Whether  the  implantation  is  cemented  or  uncemented,  aseptic 
loosening has been the leading cause of implant failure and subsequent revision for many years 
[1,2]. 
 
A  combination  of  mechanical  and  biological  factors  governs  the  type  of  tissues  formed  at  the 
implant-bone interface. Mechanical factors have been researched extensively, with retrieval studies 
and  supplementary  animal  studies  carried  out  to  formulate  hypotheses  that  can  provide  a 
qualitative if not quantitative description of the tissue formation process [5-8]. Biological factors 
such as hormone regulation, cell migration, differentiation, proliferation, cell death etc. are less well 
documented clinically due to the difficulty in obtaining data specifically related to tissue formation 
at the interface.  
 
Regarding mechanical factors, it has been hypothesised that high levels of micromotion, almost 
always leads to the formation of fibrous tissue at the interface [7]. Fibrous tissue is an interface 
tissue that has weak mechanical properties and may not be able to sustain continued loading on the 
hip, leading to implant loosening. Additional mechanical parameters such as high strains, stresses, 
and pressure are also believed to lead to the formation of this weak tissue and compromise the 
stability of the implant [9]. Bone and other stronger tissues only permeate or grow on to the surface 
of the implant if there is a low mechanical stimulus at the interface. Studies have confirmed new 
bone  formation  at  very  low  stimuli  [6,7,10,11].  Therefore  it  is  imperative  that  for  cementless 
implants,  bone  ingrowth  or  the  formation  of  stronger  tissues  is  encouraged  by  lowering  the 
mechanical  stimulus  at  the  interface.  To  this  end,  there  have  been  many  studies  conducted  on 
uncemented implants, looking at the type of coatings used, be it a simple roughened grit blasted 
surface or a complex network of fibres of beads [12-14]. In addition, there have also been implant 
design factor studies that have aimed to reduce interface stresses and micromotion to encourage 
the formation of osseous tissue at the interface. Some of the more popular resultant design changes 
include the addition of a proximal collar, long stems to engage the diaphysis and provide better fit 
in the femoral canal, short stemmed implants to engage the proximal femur and flare designs to 
reduce micromotion due to torque and fit the metaphysis.  
 
Pre-clinical testing of implants can be a useful tool to evaluate key design features and their clinical 
relevance [15]. Originally, testing was restricted to experimental setups, but with the advent of high 
end computing, computational finite element (FE) methods can provide more flexible and diverse 
methods of testing the implant. FE methods have become commonplace in biomechanics since the 
1990s and exhaustive studies have been carried out on implant designs, especially of the hip and Chapter 1                         Introduction 
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the knee. They have also been combined with musculoskeletal models, which can represent the 
influence  of  muscle  forces  acting  on  the  hip  and  the  femur  [16].  Most  of  the  data  from  these 
musculoskeletal  models  have  come  from  gait  analysis  data.  Gait  analysis  using  telemetrised 
implants  and  force  plates  have  helped  understand  forces  acting  on  the  femur  and  the  implant 
during activities such as normal walking, stair climbing and jogging  [17,18]. These models also 
allow different parameters to be changed and tested with ease, which would normally take a lot 
longer  in  an  experiment.  In  addition,  it’s  now  possible  to  apply  non-homogenous  material 
properties to tissues using non-invasive scan techniques such as magnetic resonance imaging (MRI) 
and  computed  tomography  (CT)  [19],  allowing  an  alternative  to  the  linear  isotropic  material 
properties that have historically been used for tissues in FE models. Such non-invasive techniques 
can  also  help recreate  an  accurate  geometry  for  the  bone.  Thus,  a  better  understanding  of the 
functioning of the implant in the body may be achieved and the effects of specific design features of 
the implant may be ascertained.  
 
FE models have also been used to study bone response to mechanical stimuli [20-22]. These models 
come under the field of mechanobiology, which can be broadly defined as the study of the effects of 
mechanical or physical conditions on regulating biological tissues. This concept was first postulated 
in the 1800’s by Roux, as part of the theory of functional adaptation and has been researched ever 
since. Mechanobiology can be addressed on four main levels, the molecular, cellular, tissue and 
organ  levels.  Bone  would  thus  come  under  the  tissue  level,  with  stimuli  such  as  stress,  strain, 
fatigue and pressure influencing its regulation and properties. An apt and frequently used example 
would be the process of fracture healing; with good stabilisation and immobilisation a fracture 
would heal quicker which implies that mechanical stimuli should be low. Various types of fracture 
healing  hypotheses  have  been  studied,  with  emphasis  on  the  type  and  influence  of  individual 
stimuli acting at the fracture site to reproduce the clinical scenario. The hypotheses have varied 
from treating  bone as an isotropic single phase tissue to a  biphasic tissue  with fluid and solid 
components [8,23,24]. Most of these hypotheses are based on rules of specific stimuli acting at the 
site and have been able to simulate fracture healing accurately. The steps involved in bone healing 
still  hold  generally  for  when  a  joint  prosthesis  is  implanted,  including  the  formation  of  a 
haematoma, invasion of cells and formation of fibrous tissue. The concept of fracture healing can 
thus be applied and modified to simulate the formation of different types of tissues around the 
implant. This is particularly important in the case of uncemented implants as bone ingrowth is 
essential for longevity and the avoidance of implant loosening.  
 
Research specifically dealing with tissue differentiation around implants has been limited, and the 
focus of the present work is focussed to extend the knowledge obtained from previous fracture 
healing hypotheses to simulate tissue differentiation. The work presented in this thesis aims to 
simulate bone formation and tissue differentiation around uncemented hip implants by employing 
finite element methods in combination with a mechanoregulatory hypothesis. A new algorithm is 
developed  based  on  a  mechanoregulatory  hypothesis  to  simulate  tissue  differentiation.  The Chapter 1                         Introduction 
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algorithm is then applied in a series of case studies that look at design features that have been 
postulated  as  affecting  bone  ingrowth.  The  first  study  focuses  on  a  recent  development  in 
uncemented implant design, that of short stemmed implants, as applied to young patients with 
good bone quality in the proximal femur. These types of implant are proposed to provide improved 
loading on the femur and increased osseointegration, Specific design features are investigated and 
the  results  corroborated  with  clinical  studies.  The  second  study  focuses  on  a  well  known  and 
clinically successful uncemented implant and investigates the factors that contribute to the types of 
tissues formed around the implant, including the design, extent of the porous coating and the use of 
a long stem for distal fixation. A third study focuses on a popular type of porous coating used in 
uncemented implants and provides a microscale model of tissue differentiation at that level. The 
influence of using multiple layers for the porous coating is also investigated as in a separate case 
study.  
 
All of the aforementioned studies have aimed to present a clearer picture of tissue differentiation 
around uncemented implants through the use of computational methods. Design factors that would 
usually  warrant  rigorous  experimental  investigations  through  animal  and  clinical  studies  are 
explored  and  their  inclusion  or  exclusion  in  an  implant,  justified.  The  computational  approach 
described  in  this  thesis  allows  the  evaluation  of  uncemented  implant  design  with  regards  to 
osseointegration at the conceptual stage and the possible elimination of dubious and faulty design 
before mechanical testing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
    6 
 
 
 
 
 
CHAPTER 2   
 
LITERATURE REVIEW 
 
 
Simulating tissue differentiation at the bone-implant interface is a complex process and involves a 
number of factors. The following literature review aims to inform the reader as to what factors can 
affect the tissue differentiation process through a progressive explanation from the basics of bone 
anatomy,  the  femur  and  the  functioning  of  the  hip  joint,  through  to  a  description  of  hip 
replacements,  with  emphasis  on  uncemented  implants  and  the  design  features  they  employ  to 
secure fixation. The concept of mechanobiology and the underlying premise of fracture fixation, 
both crucial to simulating tissue differentiation at the interface are then detailed and the theory 
behind them explained. 
 Chapter 2                           Literature review 
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2.1 BONE 
 
2.1.1  INTRODUCTION 
 
Bone is a complex, highly organised and specialised connective tissue. It is characterised physically 
by its hardness, rigidity and strength, and microscopically by cellular and intercellular substance 
formed  of  mineralized  fibres.  Bone  tissue  performs  a  multitude  of  functions  that  could  be 
mechanical,  for  example,  providing  the  basic  framework  of  the  body,  support,  protection  for 
internal  organs,  movement  etc  or  physiological  functions  like  mineral  homeostasis,  blood  cell 
production  through  haemopoiesis,  and  triglyceride  storage.  In  terms  of  shape,  there  are  five 
different bone types in the body: 
 
Long bones – are bones that have their lengths greater than their widths and associated with 
large movement. They are long and cylindrical with a shaft (diaphysis) and two expanded 
ends (epiphyses). They act as levers to transmit forces. The epiphyses have cartilage at their 
ends  to  articulate  with  other  bones.  The  outer  layer  of  the  bone  is  hard,  and  is  called 
"compact bone". The inside of the bone is spongy, called "cancellous bone". Examples of long 
bones include the femur, the humerus and the phalanges. 
 
Short  bones  –  are  smaller  bones  and  often  cube  shaped,  associated  with  smaller  more 
complex movements. They do not possess a shaft like structure like the long bones and are 
normally made of cancellous bone with a thin layer of compact bone at the outer surface. 
They  provide  strength  and  help  transmit  longitudinal  forces.  Examples  of  short  bones 
include the carpals of the hand and the tarsals of the feet. 
 
Flat bones – are flat and plate shaped. They are extremely thin and their functions include 
providing attachment points for muscles and protection to internal organs. They normally 
consist of cancellous bone sandwiched between two layers of compact bone. Most of the 
bone marrow in adults is formed in flat bones. Examples of flat bones include the cranial 
bones, ribs, sternum, scapula and the pelvic girdle. 
 
Sesamoid bones – are special bones that develop in some tendons in locations where there is 
considerable friction, tension, and physical stress. They primarily act to protect the tendon. 
They do so by increasing the moment arm by altering the location of the tendon further away 
from the centre of the joint. Examples of Sesamoid bones include the patella or the knee cap 
and the Sesamoid bones of the feet. 
 
Irregular bones- are peculiar shaped bones that cannot be grouped into any of the above-
mentioned categories. They serve unique purposes in the body like protection, attachment Chapter 2                           Literature review 
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sites for muscles and support. Examples of these bones include the vertebrae, sacrum, hyoid 
etc. 
 
2.1.2  BONE COMPOSITION 
 
Bone  tissue  consists  of  an  organic  component,  an  inorganic  component,  cells  and  water.  The 
inorganic component account for 60-75% of the  weight, about  45% of the total volume and is 
mostly the mineral Hydroxyapatite.  The organic phase of the bone tissue is mainly the matrix, 
which consists of collagen and noncollagenous proteins. It accounts for 30-35% of the volume. The 
rest of the tissue, around 25% of the volume is made of water of which 60% is bound to collagen 
and around 40% is free. 
2.1.2.1  ORGANIC COMPONENT   
 
The organic component of bone, the matrix provides the form and structure for the deposition and 
crystallisation of inorganic salts. The matrix primarily consists of collagen (98% of its volume) of 
which type I collagen accounts for 90%. Collagen is a fibrous protein, formed in other tissues by 
fibroblasts and in the bone by osteoblasts, the bone forming cells. It is more densely packed in the 
bone than in other tissues. The collagen gives the bone its inherent toughness and strength and the 
architectural arrangement of fibres within osteons and trabeculae of the bone are conducive to 
great  strength.  The  remainder  of  the  organic  component  consists  of  noncollagenous  proteins, 
proteoglycans, phospholipids, glycoproteins and phosphoproteins and is commonly referred to as 
the ‘ground substance’  
2.1.2.2  MINERAL COMPONENT 
 
The mineral content of bone serves as a reservoir for ions and contributes to the regulation of 
extracellular  fluid  composition.  The  inorganic  component  of  bone  is  mostly  a  complex  form  of 
calcium and phosphate in the form of the mineral Hydroxyapatite Ca10(PO4)6(OH)2 among lesser 
proportions of carbonate, citrate, potassium, sodium, magnesium, strontium and other materials as 
constituents of the crystal lattice or on the crystal surface. They are mostly in the form of small 
crystals in the shape of needles, plates, and rods located within and between collagen fibres.  
 
2.1.3  BONE ANATOMY 
 
The outer surface of bone is dual layered consisting of a sheet of fibrous connective tissue called the 
periosteum and an inner osteogenic cambial layer of undifferentiated cells. The central medullary 
cavity is lined by a thin layer of bone cells called the endosteum. Both layers are well populated by 
blood  vessels.  With  reference  to  the  different  types  of  bone  tissue,  there  are  two;  cortical  or Chapter 2                           Literature review 
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compact  bone  tissue  and  cancellous  (spongy)  or  trabecular  bone  tissue.  All  bones  in  the  body 
consist of both cancellous and cortical bone in varying proportions. A coronal section through the 
proximal region of the femur and the microstructure of cortical bone identifying the different parts 
that make up its structural composition is shown in figure 2.1. 
 
 
 
Figure 2.1: Coronal section through the proximal region of the adult femur revealing the internal 
structure (left) and the microstructure of cortical bone (right) [25]. 
 
The  two  bone  types  differ  significantly  in  their  distribution,  structure  and  properties.  The 
distribution of cancellous and cortical bone is different in different bones in the body depending on 
their location and function. The volume of the ulna for example is 90% cortical and 10% cancellous 
whereas  the  vertebra  consists  of  around  60%  cortical  and  40%  cancellous  bone.  A  similar 
difference in distribution would be found in other regions. The differences between the cortical and 
cancellous bone in their development, architecture, blood supply etc are summarised in table 2.1. 
 
PROPERTY  CORTICAL BONE  CANCELLOUS BONE 
Skeletal mass  80%  20% 
Bone surface  33%  67% 
Soft tissue  ~10%  ~75% 
Adult tissue  Secondary  osteons/haversian 
systems/lamellae 
Curved  plates,  rods, 
interstitial lamellae 
Porosity  Low  High 
Development  Intramembranous ossification  Endochondral ossification 
Turnover  Slow  Fast 
Function  Support/Protection  Support/homeostasis 
 
Table 2.1: Properties of cortical and cancellous bone [26]. Chapter 2                           Literature review 
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Cortical bone is found in the diaphysis and cancellous bone in the epiphysis and most parts of the 
metaphysis. Cortical bone is a dense solid mass containing very few spaces. Its main functions are 
to provide protection and support. It forms around 80% of the bone mass. The basic unit of cortical 
bone  is  the  osteons  or  the  haversian  system.  Osteons  form  around  1/3rd  of  the  cortical  bone 
volume,  the  remaining  of  which  is  interstitial  bone  consisting  of  circumferential  subperiosteal 
(outer)  and  subendosteal  (inner)  lamellae.  The  lamellae  are  rings  of hard  calcified  matrix.  The 
osteons are cylindrically shaped measuring 200-250µm in  diameter.  The  wall of the  osteons is 
made of 20-30 concentric lamellae and cement lines separate the osteons individually. Between 
these lamellae are small spaces called the lacunae that contain osteocytes and their cytoplasmic 
processes. The lacunae containing these entrapped cells are connected by small channels called the 
canaliculi. The osteocytes in adjacent lacunae communicate using these small channels. Canaliculi 
that open to extracellular fluid and bone surfaces form an anastomosing network for nutrition and 
metabolic activities of the osteocytes. Diffusion through the lamellae is very slow and hence the 
canalicular system is essential. The osteons themselves have a central haversian canal that consists 
of numerous blood vessels, lymphatic vessels and nerves. The haversian canals of the osteons are 
interconnected  by  transverse  channels  called  Volkmann’s  canals.  These  canals  running 
longitudinally  provide  a  path  from  the  endosteum  up  to  the  periosteum  and  consist  of  blood 
vessels. 
 
Trabecular or cancellous bone forms around 20% of the bone mass.  It has very low density and 
high surface area. It consists of an irregular lattice network of thin columns and rods of bone called 
trabeculae and do not contain any osteons. As mentioned earlier, cancellous bone is mainly found in 
the epiphysis and metaphysis of bone and may form a thin layer in the endosteum of the diaphysis. 
The gaps between the trabeculae are filled with bone marrow. The trabeculae form the basic units 
of cancellous bone. It is crescent shaped in cross section, measures 1200µm in diameter, and is 
1mm long.  It is metabolically more active and more  susceptible to mechanical variations than 
cortical bone and its remodelling rate is higher. The trabeculae are not organised like the osteons 
but are oriented in the direction of the stress to transfer force and load without breaking. The 
macro and microstructure of cancellous bone is shown in figure 2.2. 
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Figure 2.2: Section through cancellous bone showing trabeculae (left) and microstructure (right) 
[27]. 
 
Cortical and cancellous bone can be further categorised as being woven or lamellar. Woven bone is 
usually found in the developing embryo and is short lived. It consists of a matrix of interwoven 
coarse collagen fibres with randomly distributed osteocytes. It is later resorbed and replaced by 
lamellar bone. Woven bone is also the bone initially laid down during fracture healing. It can be 
formed by either the process of intramembranous or endochondral ossification. Lamellar bone is 
more mature and consists of layers of concentric circular rings called lamellae. The rings contain 
collagen fibres that are oriented in a unique direction within lamellae.  
 
2.1.4  BONE CELLS 
 
There  are  four  main  bone  cells,  each  with  specific  functionalities.  They  are  the  osteoblasts, 
osteocytes, osteoclasts and the bone lining cells. The general shape of these cells is shown in figure 
2.3. 
 
 
 
Figure 2.3: The osteoblast (left), osteoclast (centre) and the osteocyte (right) [27]. 
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2.1.4.1  OSTEOBLASTS 
 
Osteoblasts are round, organelle rich bone forming cells responsible for ossification and secreting 
the  unmineralized  bone  matrix  otherwise  known  as  osteoid.  They  also  participate  in  the 
calcification and resorption process and regulate the flux of calcium and phosphate in and out of 
bone.  Osteoblasts  occur  as  a  layer  of  contiguous  cells,  which  in  their  active  state  are  cuboidal 
measuring 15-30 µm.     
2.1.4.2  OSTEOCLASTS 
 
The osteoclasts are the bone breaking or resorbing cells. They are giant multi-nucleated cells that 
are formed by the fusion of 1-50 monocytes and contain as many nuclei. They appear foamy in 
appearance due to the large number of vesicles, ribosomes, mitochondria and vacuoles present on 
its surface. Osteoclasts are  derived from cells of the  mononuclear lineage  of the hematopoietic 
marrow. They range from around 20µm to 100 µm in diameter.  
2.1.4.3  OSTEOCYTES                                     
 
Osteocytes are mature bone cells and form the bulk of the cells in bone tissue. They are formed 
when osteoblasts form new bone and get left behind in the newly formed osteoid. The osteoblasts 
in the lacunae then differentiate into osteocytes by losing their organelles but forming becoming 
long, slender processes that connect with other osteocytes, bone lining and periosteal cells through 
the canalicular network.  They are  regarded to  be the main cells that sense the  magnitude and 
distribution  of  mechanical  loading.  The  main  functions  of  osteocytes  are  in  the  areas  of 
homeostatic, morphogenetic and restructuring processes.  
2.1.4.4  BONE LINING CELLS 
 
The surface of bone is often the centre of regular activity by the osteoblasts and the osteoclasts 
constantly modelling and remodelling the bone. However, during quiescent periods, the osteoblasts 
become inactive, thin elongated cells on the surface of the bone and are called bone lining cells. The 
bone lining cells might be involved in homeostatic, morphogenetic and restructuring processes that 
regulate bone mass, mineral content and hematopoietic process.  They do not multiply but can 
secrete  growth  factors  that  trigger  osteoblastic  activity.  Networks  of  bone  lining  cells  and 
osteocytes make junctional communication with each other to sense the shape of bone and reaction 
to mechanical factors like stress and strain and transmit these signals to the bone surface where 
new bone formation and resorption could occur. 
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2.1.5  BONE FORMATION 
 
Osteogenesis  or  ossification  is  the  process  of  forming  bone  and  occurs  mainly  through  two 
methods,  intramembranous  ossification  and  endochondral  ossification.  The  process  is  normally 
based on an  existing template, with bone previously present  and is site-specific. Both methods 
involve replacing existing connective tissue and do not differ in the final structure of the bone 
formed.  
2.1.5.1  INTRAMEMBRANOUS OSSIFICATION 
 
Intramembranous ossification as the name suggests, involves bone forming directly on or within 
fibrous connective tissues and is the simpler process as compared to endochondral ossification. The 
process usually forms the bulk of future cortical bone and examples of the bones formed are the 
bones of the skull and the mandible. The process starts with the formation of a centre of ossification 
where  mesenchymal  cells  gather  and  differentiate  into  the  osteogenic  pathway  resulting  in 
osteoblast formation. Matrix deposition takes place and osteocytes are formed. Calcification starts 
and the matrix begins to harden. As the matrix matures, trabeculae form and blood vessels occupy 
the spaces between them and on the surface. They continue to increase in thickness and enlarge by 
deposition at their free ends. Compact bone begins to form when the spaces begin to fill on the 
outer surface with primary osteons and haversian canals, and as bone matures, it is replaced by 
secondary systems. The bone at the centre remains cancellous. 
2.1.5.2  ENDOCHONDRAL OSSIFICATION 
 
Endochondral  ossification  involves  replacing  cartilage  by  bone  and  forms  the  bulk  of  future 
cancellous bone. It is the most common process of bone formation and the long bones in the body 
are formed in this manner. In contrast to intramembranous ossification, the mesenchymal cells 
gather in the shape of the bone to be formed, but in this case differentiate into chondroblasts. They 
secrete cartilage matrix and produce a hyaline cartilage model. A membrane called perichondrium 
forms around this. Chondrocytes are soon surrounded by the matrix they secrete. The cartilage 
model grows by repeated cell division by the osteocytes and results in an increase in length. As the 
model grows, chondrocytes in the mid region hypertrophy and burst, which changes the pH and 
triggers calcification.  
 
 As chondrocytes die, lacunae begin to form. A primary ossification centre forms when a nutrient 
artery  penetrates  the  perichondrium  in  to  the  mid  region  stimulating  osteogenic  cells  in  the 
perichondrium to differentiate into osteoblasts. Once the perichondrium begins to form bone, it 
develops  into  a  periosteum.    At  the  centre  of  the  model,  periosteal  capillaries  grow  into  the 
disintegrating calcified cartilage and forms the primary ossification centre. At this stage, bone tissue Chapter 2                           Literature review 
    14 
replaces  the  cartilage.  Bone  matrix  is  then  deposited  over  the  cartilage  remnants  forming 
trabeculae. As the centre grows, osteoclasts resorb the trabeculae, forming the medullary cavity. 
Secondary ossification centres develop around the time of birth, when epiphyseal arteries invade 
the  epiphyses.  Ossification  proceeds  outwards  from  the  centre  to  the  surface  of  the  bone.  No 
cavities  are  formed  during  the  process.  The  hyaline  cartilage  covering  the  epiphysis  becomes 
articular cartilage and the cartilage between the diaphysis and epiphysis becomes the growth plate, 
responsible for lengthwise growth. 
 
2.2 THE HIP JOINT 
 
2.2.1  ANATOMY OF THE HIP 
 
The hip joint is one of the largest joints in the human body. It is a simple, multi-axial, ball and socket 
synovial joint formed by the articulation of the head of the femur against the acetabulum of the 
pelvis. The pelvis is a bowl shaped structure, made of two irregular bones that form the sides of the 
pelvis called the innominate bones and are joined to each other anteriorly at the pubic symphysis. 
Each of these bones is formed by the fusion of three bones, the ilium (largest), ischium and the 
pubis (smallest). At the junction of the fused bones is a hemispherical depression or socket known 
as the acetabulum. The acetabulum is surrounded on its outer surface by a layer of cartilage, which 
forms one half of the articulating surface of the joint (figure 2.4).  
 
 
 
Figure 2.4: Front (left) and lateral (right) views of the pelvis. The three bones forming the 
acetabulum are also shown [27]. 
 
The other half of the articulation is provided by the cartilage on the head of the femur. The femur or 
the thigh-bone is the longest, heaviest and strongest bone in the body. The proximal part of the 
femur comprises of the femoral head, the neck and the greater and lesser trochanters. The femoral 
head is spherical in shape, forming approximately two-thirds of a sphere. A small depression in the 
centre of the head, called the fovea capitis is a ligament attachment point which also houses a blood Chapter 2                           Literature review 
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vessel that supplies blood to the femoral head. A constricted flattened pyramidal section known as 
the femoral neck connects the head to the main body of the femur.  
 
The greater trochanter is located laterally at the junction of the femoral head and neck with the 
lesser  trochanter  located  medially  just  under  the  neck.  The  trochanters  are  muscle  attachment 
sites.  The main body or shaft of the femur is bowed anteriorly with the distal end of the femur 
forming the medial and lateral condyles that articulate with the tibia. The medial condyle is larger 
and locks the knee while walking. Two superior aspects, known as the epicondyles for both the 
medial and lateral condyles are the sites for muscle attachment (figure 2.5).  
        
 
 
 
Figure 2.5: Anterior view of the femur (left). Close up of the proximal part (top-right) and distal end 
(bottom-right) of the femur 1.  
 
The hip joint is a synovial joint, which means it allows the greatest range of movement compared to 
other non synovial joints. After the knee joint, it has the largest range of movement and yet 
supports the weight of the body, arms and the head. It is also  extremely stable, surrounded by a 
strong fibrous capsule filled by a clear or slightly yellow viscous fluid known as the synovial fluid. 
Its main function is to provide a fluid medium within the joint, provide nutrition and lubricate the 
joint. The fluid  also has a cellular component consisting of leukocytes, lymphocytes, monocytes, 
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phagocytes and other synovial cells. The phagocytes are responsible for the removal of wear debris 
that arises due to joint use. The other cells are responsible for replenishing the synovial fluid. The 
surrounding capsule is also reinforced by three ligaments; the iliofemoral, pubocapsular and the 
ischiocapsular ligaments. The iliofemoral ligament is a Y shaped ligament and covers the anterior 
portion of the joint, attached to the ilium on the hip and at the intertrochateric line on the femur. It 
assists in preventing hyperextension at the joint. The pubocapsular ligament is situated inferiorly, 
attached to the pubis and is separated from the iliofemoral ligament by the iliopsoas tendon. The 
ischiocapsular is the least developed of the three ligaments and runs across the posterior aspect of 
the joint. The ligaments are shown in figure 2.6. 
 
 
 
Figure 2.6: The ligaments of the hip (top)2. Mid-coronal section of the hip joint showing structure 
and assisting ligaments (bottom)3. 
                                                                    
 
2 Anatomy of the human body, Gray, H 1918 
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2.2.2  BIOMECHANICS OF THE HIP 
2.2.2.1  RANGE OF MOTION 
 
The  hip  joint  allows  a  large  number  of  movements  across  multiple  axes  due  to  the  powerful 
surrounding muscles which form a ring around the joint. They stabilise the joint and also allow 
normal activities like walking, stair climbing, running etc. Specifically, the motions permitted at the 
hip  are  flexion-extension,  abduction-adduction,  cricumduction,  and  internal-external  rotation 
(figure 2.7). 
 
 
 
Figure 2.7: Anatomical planes of the body (left) and the motions permitted at the hip and knee 
joints (right) [28]. 
 
The degree of movement possible in each case differs; flexion can be described as the anterior 
motion of the femur in the sagittal plane. The muscles can be classified by the type of movement 
and orientation around the joint. The hip can achieve around 120°-140° of flexion. The posterior 
motion in the same plane is known as extension and is limited to around 20° of motion. Abduction 
is the lateral movement of the leg in the coronal plane of which the hip can produce 30°- 45° of 
movement.  Adduction  is  the  opposite  of  abduction,  and  the  hip  can  produce  around  30°  of 
movement. Lastly, internal and external rotation which when combined can contribute to 90° of 
movement. 
 
The specific muscles (figure 2.8) used for each of the aforementioned movements are the: 
 
Rotators  -  External  Rotation/Internal  rotation  -  These  muscles  are  responsible  for  lateral 
rotation  of  the  hip.  The  muscles  are  small  and  include  the  piriformis,  obdurator  internus  and 
externus, gamellus superior and inferior and the quadratus femoris. 
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Abductors – These muscles move the leg away from the midline of the body (abduction). They lie 
laterally to the joint in the lateral gluteal region. The muscles of this group include the gluteus 
medius and minimus and the tensor fasciae latae. 
 
Adductors - This group consist of the muscles of the groin that move the legs toward the midline of 
the body (adduction) and lie medially to the joint. The muscles of this group are the pectineus and 
the adductor brevis, longus and magnus. 
 
 
 
Figure 2.8: The muscles acting at the hip showing the anterior and posterior views (top and 
bottom) and the deep cut muscles that are not visible superficially [29]. 
 
Flexors - This group allows the hip to flex (move the thigh toward the chest) and oppose  the 
muscles of the extensor group and include the iliopsoas (iliacus and psoas parts), rectus femoris, 
pectineus, sartorius and the tensor fasciae latae.  
 
Extensors – These muscles allow the hip to extend (move the thigh backward) and oppose the 
flexion  muscles.  The  main  muscle  is  the  gluteus  maximus,  assisted  by  the  hamstring  muscles 
(semitendinosus, the biceps femoris and the semimembranosus).  
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Even though the muscles have their distinctive groups, they blend together during movement and 
may be involved in just one movement. For example, the tensor fasciae latae abducts, flexes and 
medially rotates the joint and the pectineus assists in flexion and adduction. 
2.2.2.2  NECK-SHAFT ANGLE AND DEGREE OF ANTEVERSION 
 
Two important angular relationships between the femoral neck and the shaft are the neck shaft 
angle and the degree of anteversion. These two factors can alter gait and impose restrictions on the 
movement allowed at the hip joint. Neck-shaft angle can be defined as the angle of inclination of the 
neck to the shaft in the frontal plane. This angle in adults is around 125°, but can vary. An angle less 
than 125° refers to a condition known as coxa vara and the hip is said to be in varus. Similarly, an 
angle more than 125° refers to a condition known as coxa valga and the hip is said to be in valgus 
(figure 2.9). 
 
 
       
 
Figure 2.9: The angle of anteversion formed by the intersection of the long axis of the femoral head 
and the transverse axis of the condyles (left) and the neck-to-shaft angle that shifts the hip into a 
varus, normal or valgus position (right) [30]. 
 
Either of these conditions  changes the how the load is distributed through the femur and also 
affects  the  surrounding  muscles.  Anteversion  refers  to  the  angle  created  if a  transverse  axis  is 
drawn  at  the  femoral  condyles  relative  to  the  axis  at  the  femoral  head.  This  angle  is  normally 
around 12° but can vary. An angle exceeding this can result in the internal rotation of the leg during 
normal gait to stop the femoral head slipping out of the acetabular socket. An angle lesser than this, 
called retroversion, can cause external rotation of the leg.  
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2.2.2.3  GAIT ANALYSIS 
 
The human gait can be defined as cyclic, bipedal locomotion requiring complex interactions and 
coordination among most of the major joints in the body. The hip and the knee play a big part and 
during  this,  the  hip  joint  experiences  flexion-extension  on  the  medio-lateral  axis,  abduction-
adduction along the antero-posterior axis and internal-external rotation around the longitudinal 
axis. Together, these movements form a circular arc of movement called circumduction. Each gait 
cycle (a single sequence of functions by one limb) can be split into two phases, the stance and the 
swing  phase  (figure  2.10).  The  stance  phase  is  the  period  of  time  when  the  limb  under 
consideration is in contact with the floor and occupies around 60% of the cycle. It also has two 
periods of double limb support (when both feet are in contact with the floor). The swing phase is 
the period of time when the limb under consideration is not in contact with the floor and occupies 
around 40% of the cycle [31]. 
 
 
 
 
Figure 2.10: Phases and sequences of the gait cycle with their timings. 
 
The stance phase is the most complex phase of the gait and consists of the following sequences, 
namely, 
 
  Heel strike or the initial contact 
  Foot flat (initial contact of forefoot with the ground) 
  Mid-stance  
  Heel off or the terminal stance 
  Push off Chapter 2                           Literature review 
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  Toe off or the pre-swing 
In  the  swing  phase,  the  swinging  limb  moves  in  front  and  forward  motion  takes  place.  The 
sequences involved in this are, 
 
  Acceleration or the initial swing 
  Mid-swing (the swinging limb overtakes the limb in stance) 
  Deceleration or the terminal swing 
It is also interesting to note that if the walking speed is increased, there will be a marked decrease 
in the stance phase and a corresponding increase in the swing phase. This is more pronounced 
while running where the swing phase occupies a larger period of the gait cycle compared to the 
stance  phase.  Double  support  is  also  missing  while  running.  Ground  reaction  forces  using 
forceplates have shown that vertical, anterior-posterior and medio-lateral forces act between the 
foot and the floor during normal gait. The vertical forces are the most pronounced with the smaller 
anterior-posterior  and  medio-lateral  forces  mainly  used  for  stability,  cushioning  and  shock 
absorption. Figure 2.11 shows the ground reaction forces for a normal gait. 
 
 
 
Figure 2.11: The ground reaction forces for a normal adult gait. V is the vertical force, A the 
anterior-posterior force and M the medial/lateral force [32]. 
 
A  number  of  studies  have  been  conducted  to  study  the  human  gait,  normal  and  pathological. 
Various methods have been employed to this end. Some of the more popular ones include force 
platforms [33], gyroscopes [34], accelerometers [35], electromyography [36], Energy systems [37], 
kinematic  systems  [38]  or  combinations  of  the  aforementioned  methods.  Cadaver  studies  have 
been used in the past with the advantage of studying internal joint motions but have been unable to 
reproduce normal loading patterns. However, gait studies have diametrically opposite problems. A Chapter 2                           Literature review 
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way around is to combine one or more methods to get more information from gait studies. One 
such method is to extend gait analysis to also calculate joint reaction forces. This is done using 
inverse  dynamics  as  shown  by  Paul  (1976)  using  a combination  of kinematics  data  from force 
plates  and  acceleration  data  measurements  from  filming.  Gait analysis  can  be  a  useful  tool  for 
investigating  and  determining  abnormalities  in  gait,  like  pathological,  post  prosthetics  and 
orthotics, or post surgical conditions after lower limb arthroplasties. Telemetrised prostheses are 
used in conjunction with aforementioned methods to investigate muscle forces and changes in gait 
after implantation. This has been done in quite a few studies [17,18,39-43] 
 
The most comprehensive study has been done by Bergmann  et al., measuring hip contact with 
instrumented implants and synchronous analyses of gait patterns and ground reaction forces for 
daily and frequent activities. It was found that during normal walking, the hip joint was loaded with 
238% of body weight (BW). This happened mainly at heel strike during the stance phase and with 
little force acting during the swing phase. A smaller force compared to the force at heel strike was 
found at toe-off. During stair ascent and descent, the peak forces were between 250-260% BW. 
Similar values for normal walking and stair climbing have been reported by Davy et al  [39] . A 
summary of the peak hip contact force in terms of BW is shown in figure 2.12. The high inter-
patient variability is seen. Bergmann et al [18] also measured the peak forces during stumbling 
loads,  which  were  found  to  be  highest  at  870%  BW.  The  peak  hip  contact  forces  for  different 
activities  are  also  shown  in  figure  2.12.  However,  considering  the  average  patient  would  not 
stumble frequently, it can be safely concluded from the data that stair climbing and normal/fast 
walking would contribute the most to the peak contact forces and should be an integral part of 
implant  stability  testing.  Normal  walking  and  stair  climbing  are  also  one  of  the  most  frequent 
activities  performed  by  patients  post  hip  arthroplasties  [44].  For  young  patients  with  higher 
activity levels, running or jogging where the hip contact forces exceed 3 times BW can also be 
studied to check implant stability. 
 
Soft  tissues  play  an  important  role  in  maintaining  the  equilibrium  of  the  femur  during  gait.  
However, the contribution of soft tissues to the forces acting on the femur is extremely difficult to 
measure  directly.    Electromyogrpahy  can  be  a  useful  tool  to  study  the  activation  of  different 
muscles during normal gait but force information cannot be obtained by this method. They can be 
calculated  using  limb  displacement  theory  combined  with  forceplate  forces  and  limb  inertial 
properties as shown by Pederseon et al. [45] for measuring pelvic and acetabular contact forces 
during gait. 
 
 Chapter 2                           Literature review 
    23 
 
Figure 2.12: Peak hip contact forces in terms of BW for 9 different activities [18]. 
 
Duda  et  al  [46]  provided  a  more  complex  model  by  using  the  inverse  dynamics  approach  to 
construct a three dimensional model that included the muscles of the thigh , body weight and the 
contact forces from the hip, knee and patella-femoral joints. The concept of mechanical equilibrium 
at the thigh was applied to a free body analysis based on the equilibrium of forces and moments as 
shown in equation 1 and equation 2. 
 
 
Equation 1 
 
Equation 2 
 
Where  ,  &  were the muscle forces, ligament forces and incremental weight of the thigh; 
 were the hip contact force, the patella-femoral contact force and knee contact 
force;   a free moment arm.  ,  and   were the corresponding moment 
arms. 
 
The influence of different groups of muscles on the forces acting on the femur was also studied and 
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part  of  the  femur.  If  other  smaller  muscle  groups  like  the  obturators,  or  the  iliopsoas  were 
considered, the forces on the femur were reduced, especially at the distal end. Muscle forces have 
also been employed in finite element (FE) models to study different boundary conditions by Speirs 
et  al  [47]  like  the  influence  of  the  individual  muscle  groups  under  different  boundaries  and 
constraints. High strains were recorded in the mid diaphysis of the femur in the models that had 
poor boundary conditions and fewer muscle forces.  This agrees well with the studies of Brand et al 
[48,49], where the contribution of muscle forces to avoid overestimating strains in the femur was 
elucidated. It was found that for these models to be accurate, all muscle groups had to be included 
with relevant physiological constraints to reach equilibrium and model physiological deflections 
correctly. The relevance of including relevant muscle groups for measuring implant micromotion, 
which further determines implant stability by regulating tissue differentiation at the interface, is 
also extremely crucial. Major muscle groups should be included in modelling, if a parallel is to be 
drawn with conditions in vivo. 
 
2.3 HIP REPLACEMENTS 
 
 
2.3.1  INTRODUCTION 
 
The hip joint is one of the most vulnerable joints to diseases and impairment. This is mainly due to 
the range of movement and extensive use in daily activities that it is subjected to. The whole of the 
body  weight  is  transferred  through  the  joint,  and  there  is  a  high  risk  that  the  joint  could  be 
damaged, or fail due to biological factors, mechanical factors or a combination of both. In any of 
these cases, the most popular and widely adopted method to relieve the patient of pain is through a 
hip arthroplasty, otherwise known as a hip replacement. Usually advocated when physiotherapy 
and pain killers are inadequate, this operation has become increasingly popular in the last ten years 
or  so  in  a  number  of  countries  [1,3,4,50,51].    Figure  2.13  shows  the  incidence  of  primary  hip 
replacement in England and Wales since 2003 according to the National Joint Register.  
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Figure 2.13: The number of primary hip replacements in England and Wales for different years 
[51]. 
 
2.3.2  REASONS/INDICATIONS FOR A HIP REPLACEMENT 
 
There  are  a  number  of  indications  for  hip  replacements.  Some  of  the  most  common  are  pain, 
functional  limitations,  joint  stiffness,  radiographic  changes  etc.  [52].  These  problems  are  often 
indicators of more serious underlying problems like osteoarthritis (OA), rheumatoid arthritis (RA), 
osteonecrosis (ON), fractures or infection. 
2.3.2.1  OSTEOARTHRITIS (OA) [53,54] 
 
OA  is  one  of  the  most  common  critical  and  crippling  conditions  that  usually  affect  the  older 
population. It is characterised by pain at the thigh and the buttocks, sometimes radiating to the 
knee, accompanied by stiffness and limited movement at the joint. OA is chronic, progressive and a 
degenerative disease caused by an abnormality in the chondrocyte metabolism . It is distinguished 
by the degeneration of the articular cartilage over time resulting in the articulation of the bony 
surfaces  which  causes  acute  pain.  OA  is  also  a  dynamic  process  and  involves  the  surrounding 
capsule,  ligaments  and  muscles  in  addition  to  the  cartilage  and  bone  at  the  joint.  The  main 
pathological changes include the loss of the cartilage and remodelling of the adjacent bone with 
new bone formation,  especially at the joint  margins (figure 2.14). These new bone sprouts are 
called osteophytes. The synovial membrane and the joint capsule thicken, with reduced joint space 
and sometimes an increase in the amount of fluid in the joint.  Inflammation then follows. Normally, 
joint repair involves replacing the worn out articular cartilage and is signalled by trauma at the 
joint. Many a time, this process is successful, especially for low tissue trauma. However, when this 
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process  slows  down  or  is  overwhelmed  by  the  extensive  damage,  the  repair  potential  is 
compromised and results in continuing tissue damage and the rubbing of the bony surfaces. This 
process can take many years to develop and the exact causes unknown.  However, some key risk 
factors have been identified. Some of these factors are age, sex, genetic factors, heredity, obesity, 
joint  injuries  and  trauma.  There  is  currently  no  cure  for  arthritis,  but  common  methods  for 
relieving  pain  in  the  joints  include  reducing  stress  in  the  joints  (reducing  weight,  pacing  daily 
activities,  special  shoes  and  soles  etc.),  activity  and  exercise  (strengthening,  aerobic),  pain 
medications  and  intra-articular  injections  (corticosteroids,  hyaluroans  etc).  For  severe  cases  of 
arthritis, joint replacements are recommended. 
 
 
                   
 
Figure 2.14: A normal synovial joint (left), osteoarthritic (middle) and a rheumatoid arthritic joint 
[53,55]. 
2.3.2.2  RHEUMATOID ARTHRITIS (RA) [55,56] 
 
RA  is  the  most  debilitating  form  of chronic  arthritis  and  can  affect  men  and  women  of all  age 
groups. RA involves inflammation of the synovial membrane that lines the joint capsule, the tendon 
sheaths  and  the  bursae  causing  acute  pain,  inflammation  and  stiffness  at  the  joint.  RA  is  an 
autoimmune disease in which the  body’s immune system (specifically T cells) attacks the joint 
cartilage instead of protecting it. The general symptoms include fatigue, fever and anemia which 
proceeds on to joint specific symptoms. In RA, there is a large increase in the blood flow to the joint, 
proliferation of the synovial membrane with an increase in synovial fluid and pain, resulting in the 
rapid loss of muscle around the joint (Figure 2.14). The condition is progressive with the increasing 
damage to the joint caused by the release of protein degrading enzymes from inflammatory cells. 
This then interferes with the nourishment of the cartilage, slowly destroying it and replacing it with 
fibrous  tissue.  In extreme  cases,  this  fibrous  tissue  can  get  calcified  forming  a  bony  union  and 
eliminating the joint completely. Joint replacement procedures to treat RA were common, but non 
surgical  alternatives  like  therapy  and  drugs  (antirheumatics,  anti-inflammatory,  analgesics)  are 
effective, reducing the need for surgery. 
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2.3.2.3  OSTEONECROSIS (ON) 
 
ON,  also  known  as  avascular,  aspetic  or  ischemic  necrosis  is  a  disease  of  impaired  blood  flow 
commonly affecting the epiphysis of long bones like the femur and the humerus [57]. ON can be 
categorised  into  traumatic  and  non-traumatic  (figure  2.15),  with  the  former  mostly  involving 
trauma to the joint, mostly in the form of a fracture or a dislocation. Nontraumatic ON has a variety 
if etiological associations and can be related to excessive alcohol use, corticosteroids, renal failure, 
hypersensitivity reactions, sickle cell diseases etc.  
 
 
 
Figure 2.15: hypothesised pathogenesis of ON (left); a weighted MRI demonstrating a small 
osteonecrotic lesion on the left and a large lesion on the right [57]. 
 
During ON, the death of the bone and marrow occurs due to the reduction or loss of blood supply, 
which  hinders  nutrient  and  oxygen  transport.  In  ON,  unless  the  region  is  small,  the  repair 
mechanisms are ineffective and a mature healing response of osteoblastic and osteoclastic activity 
is  absent  [58].  ON  is  not  easy  to  diagnose  at  first,  and  is  most  often  not  picked  up  till  it  has 
progressed.  Common  symptoms  of  ON  include  pain  in  the  groin,  stiffness,  decreased  range  of 
motion,  an  antalgic  gait  (slight  limp  to  avoid  pain)  and  clicking  in  the  hip  when  the  necrotic 
fragment has collapsed. Radiographs were commonly used to diagnose the condition but have been 
replaced by MRI’s for more accuracy (figure 2.15, right). Treatment for ON include core depression, 
where the intraosseous pressure is reduced in the femoral head by creating a hole and removing 
part of the bone. However, for more severe cases, osteotomy, bone grafting and joint replacements 
are widely used. Hip arthroplasty in cases of osteonecrosis of the femoral head is the most widely 
recommended method for providing relief and restoring functionality at the joint. This can either be 
a surface replacement, a femoral replacement or a total hip replacement, with or without the use of 
cement and has been shown to be very successful [57]. Chapter 2                           Literature review 
    28 
2.3.2.4  OTHER FACTORS 
 
Other commonly cited reasons for a hip replacement are infection, fractures, trauma congenital 
dislocation,  inflammation  and  other  diseases  [1,51].  Although  some  of  these  may  not  always 
warrant a hip replacement and can be dealt with by administration of drugs or condition specific 
osteotomies, for severe cases, a hip replacement may be the only way to provide long term relief to 
the patient.  
 
2.3.3  HIP REPLACEMENT PROCEDURE 
 
In a  hip  replacement,  the  articulating  surface  or  surfaces  are  replaced  by  artificial  equivalents, 
usually metals or ceramics for the femoral components and either ceramic, metal or polyethylene 
for the acetabular component. Figure 2.16 shows a replaced joint compared to a normal hip joint. 
Note that the position of the implant is such as to least alter the normal functioning of the joint.  
There are a wide range of hip replacements used today but traditionally, the femoral component 
consists of a metallic implant with a stem that extends to the diaphysis of the femur, with a small 
neck and a part spherical implant head to replicate the motions of the femoral head. The head is 
usually metallic or ceramic. 
 
Figure 2.16: A total hip replacement and its components (left) and the complete assembly in the 
body (right)4. 
 
On  the  acetabular  side,  a  hemispherical  component  made  of  metal,  plastic  or  ceramic  is 
encompassed by a metal or ceramic backing, with or without a liner in between the parts. There 
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may also be situations where, due to the presence of healthy cartilage at one of the surfaces, only 
one component needs to be replaced, in which case it is referred to as a hemi arthroplasty. This is 
most  often  done  keeping  the  acetabular  component  and  replacing  only  the  femoral  side.  For 
younger patients with good bone quality, a hip resurfacing arthroplasty can also be considered. In 
this  case,  only  the  femoral  head  is  replaced  by  cutting  and  resizing  and  a  lot  of  the  bone  is 
preserved. In case of failure, a conventional hip replacement may be performed later on. Some 
typical hip prostheses are shown in  
figure 2.17. 
 
 
Figure 2.17: Different types of hip prosthesis used in total hip arthroplasty with their implantation 
strategy. Traditional THR’s and their implantation (top)5. Hip resurfacing and implantation 
(bottom)6.  
 
As mentioned before, hip replacements are highly varied in the type of material used, size, shape, 
fixation etc. A single type of implant may not be suitable for all patients, hence the need for different 
implants. For example, an implant chosen for an 80  years old patient with low activity levels may 
not be ideal for a 50 year old with an active lifestyle. Similarly, an implant chosen for a sportsperson 
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could be different from a patient leading a largely sedentary lifestyle. The choice of implants and 
materials  used  has  been  a  topic  of  debate  for  many  years  and  will  continue  to  be  as  long  as 
variability in the patient population exists. Hip arthroplasty currently is a safe and tested surgical 
intervention with few complications, and aims to improve mobility and relieve pain in patients 
otherwise confined to a hip affliction. 
 
2.3.4  FAILURE OF HIP REPLACEMENTS 
 
Although hip replacements have enjoyed long-term success of up to 10-15 years [59], there are 
many complications that can arise post-implantation. Follow-ups and revision surgeries are good 
indicators of the performance and life of the implant. Revision surgeries cause additional trauma to 
the patient and involve replacing failed components. These surgeries can be complicated and time 
consuming considering the quality of the bone at the site may not be the same as when the original 
procedure took place. In addition, removing the implant to replace it can be cumbersome and if the 
patient is old, this may prove risky.  Some of the many problems that can lead to failure of hip 
replacements are described below. 
2.3.4.1  ASEPTIC LOOSENING 
 
Aseptic loosening remains the single most cause of failure of hip replacements according to joint 
registry data from different countries (figure 2.18). Aseptic loosening can be defined as loosening of 
the components of a hip replacement through factors not associated with infection.  
 
 
 
Figure 2.18: Causes of failure of hip replacements in different joint registers [4,59,60]. 
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Aseptic loosening is a multi-factorial process, and can be induced by factors such as debonding, 
wear,  micro  fractures,  fatigue  failure  and  stress  shielding  or  their  combinations.  Loosening 
exacerbates problems at the joint by making the joint unstable and causing pain and a return of 
symptoms to the patient. Some of these factors are elucidated below: 
Debonding  
 
Debonding  is  a  failure  process  associated  with  cemented  and  uncemented  implants  alike  and 
signifies the loss of the fixation in parts or the whole of the interface. In cemented implants, this can 
refer to the interface between the implant and the cement and also between the cement and the 
bone. Studies have shown that debonding often precedes clinical failure of the component, with 
shear stresses at the interface responsible for failure, starting at the distal end of the implant and 
proceeding to the proximal regions [61]. Debonding of the implant from the cement mantle can also 
lead  to  elevated  stress  level  and  in  addition,  provide  a  pathway  for  wear  debris  to  reach  the 
interface [62,63]. Residual stresses in the cement can also cause debonding by causing damage 
[64,65].  For  uncemented  implants  that  normally  employ  a  porous  coating  to  provide  a  rough 
interlock  with  the  bone  and  also  encourage  bone  ingrowth,  debonding  can  take  place  when 
ingrowth fails to occur. These coatings require secondary stabilization through ingrowth to achieve 
stability, and  factors like micromotion and high stresses and strains at the interface can prove 
detrimental. Research has shown that only extremely low levels of micromotion at the interface will 
encourage formation of bone with higher levels of micromotion will lead to the formation of the 
fibrous tissue [10]. Fibrous tissue, with weaker mechanical properties can loosen the implant. In 
addition, debonding can also result in particulate debris from the coating, leading to osteolysis [66]. 
Damage accumulation and fatigue failure 
 
Damage  accumulation  can  be  defined  as  the  gradual  accumulation  of  mechanical  damage  in 
materials and interfaces due to repetitive dynamic loading. For a joint replacement, the damaging 
process  proliferates  eventually  to  disruption  of  the  implant  from  the  bone,  bone  resorption, 
interface micromotion, formation of fibrous tissue and gross loosening as described by Huiskes, 
1993  [67].  These  processes  affect  both  cemented  and  uncemented  implants  but  are  associated 
more  with  cemented  implants.  For  a  cementless  implant,  a  possible  mechanism  could  be  the 
formation of cracks at the interface bonds between implant and bone due to fatigue, which would 
produce high levels of micromotion leading to the formation of fibrous tissue and thus, failure of the 
interface. For cemented implants, the process of cementing can lead to the formation of pores and 
voids if not mixed correctly. These tiny voids can initiate cracks under fatigue loading and lead to 
gross loosening of the implant through damage accumulation. Cracks have been shown to develop 
at the cement-bone interface before loading, and located entirely in the cement after cyclic loading, 
showing  the  distributed  cracking  that  occurs  continuously  under  fatigue  loading  [68].  Crack 
initiation at pores has also been shown in other studies  [69] where with higher stresses, more Chapter 2                           Literature review 
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cracks  developed  per  pore.  In  addition  a  relationship  between  damage  accumulation,  loading 
cycles, and stress levels has also been formulated based on their interdependence in contributing to 
failure of the interface.  
Osteolysis and Wear 
 
Osteolysis  and  wear  are  closely  associated  in  the  loosening  of  implants.  Osteolysis  is  an 
asymptomatic, time dependent process that arises from the inflammatory reaction of macrophages 
and osteocytes against wear debris. Wear by itself cannot loosen an implant, but the particle debris 
generated  during  articulation  and  other  mechanisms  can  lead  to  o                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
steolysis. Osteolysis is more pronounced in implants using polyethylene (PE) as the bearing surface 
due its poor wear characteristics, but can also be caused by cement particles (PMMA) and metallic 
debris. It has been shown that PE wear debris travel away from the articulating surfaces, assisted 
by the joint fluid and causes osteolysis at the interface leading to  implant loosening  [70]. The 
problem is exacerbated in cases of poorly fixed implants because of the larger interface gap that 
facilitates wear debris particle movement deeper into the interface. Metallic titanium particles have 
also been found to stimulate osteoclastic activity [71] and having systemic effects by affecting the 
liver,  spleen,  and  abdominal  lymph  nodes  of  THR  patients.  Even  mechanically  stable,  well-fit 
implants  have  shown  signs  of  osteolysis  due  to  particles  of  PMMA  present  in  the  surrounding 
tissues [72]. 
Stress shielding 
 
Stress shielding follows Wolff’s law, which states that bone is a living, dynamic material that will 
adapt to loads that it is placed under; it changes its external and internal architecture in response to 
the stresses acting on it [73]. This means that if the loading on the hip is high or low, it will remodel 
to adapt to the new loading environment. In stress shielding, due to the presence of the stiffer 
implant, the majority of the load is transferred through the implant rather than the bone. This 
results in bone adapting to the new environment and the removal of bone surrounding the femoral 
cortex [74]. The degree of stress shielding is dependent mainly on the stiffness of the implant, with 
stiffer materials resulting in more stress shielding compared to implants of lower stiffness. The 
degree of stress shielding is also more in uncemented implants due to their bulky nature and their 
tight fit in the medullary canal [75]. Other factors that can influence stress shielding are the fit and 
positioning of the implant, the bonding with the surrounding bone and quality of host bone. Stress 
shielding mostly affects the cortical bone. A variant of stress shielding is stress bypass where the 
seating of the implant becomes paramount. If an implant relies mainly on distal fixation and has a 
tight fit in the diaphysis, this would result in stress bypass to the diaphysis, shielding the proximal 
regions of the bone from experiencing any loads [67]. This would again result in the resorption of 
bone in the proximal regions. Hence, the shape and the seating of the implant in the bone become 
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Infection 
 
Immediately  following  surgery,  there  is  a  high  risk  of  infection  to  the  tissues  surrounding  the 
implant. The National joint registry of England and Wales reports high percentage (12%), revision 
operations  performed  due  to  infection  in  2008.  Infection  can  cause  pain  and  loosening  of  the 
prosthesis and can set early (early infections) or even after a year (late infections) following the 
operation. Infection can be acquired either during the operation itself due to unsterile conditions or 
outside through cross infection. Studies have shown that discharge from the wound site during 
healing, absence of prophylactic antibiotics, previous operations, remote infections and even the 
type of prostheses contribute to infection [76]. Infections at the replaced joint can also arise from 
other septic locations in the body, transported by the blood stream [77]. A number of precautionary 
measures, like those advocated by Sir John Charnley of using prophylactic antibiotics, laminar flow, 
and a body-exhaust system can help reduce the incidence of infection. Laminar, filtered airflow can 
significantly lower infection rate as shown by Salvati et al [78]. Loosening associated with infection 
can closely mimic those of purely mechanical loosening and can be extremely difficult to notice on 
radiographs. The difference is that in the case of infection, the implant has to be removed and an 
antibiotic course administered before revision can proceed  [79]. Hence extreme care should be 
employed during and after surgery to prevent this condition. 
Dislocation 
 
A dislocation at the hip takes place when the implant head is displaced from the acetabular socket. 
According to the Swedish hip registry, dislocation is one of the three main factors responsible for 
revision surgery [1]. Dislocations can happen for a variety of reasons but are often caused due to 
the loosening of the muscles surrounding the joint post surgery. These muscles are important to 
maintain stability at the joint and any loosening can cause instability at the joint during articulation. 
Other factors include malpositioning of the femoral and acetabular components, the influence of 
previous surgeries and the recovery time after surgery [80,81]. Surgical approach is an important 
determinant in the positioning of the components and a faulty angle of implantation, especially of 
the  acetabular  component  can  lead  to  dislocations.  Neuromuscular  problems  can  also  cause 
dislocations in some cases, along with the bad designs of the implants, surgeon experience, size of 
the femoral head and a long femoral neck also contributing [82]. A large femoral head is said to 
resolve this problem without compromising on the range of movement allowed at the joint [83]. 
Pulmonary embolism (PE) and deep vein thrombosis (DVT) 
 
Both of these inter-related problems come under a more general term, venous thromboembolism 
(VTE). A DVT occurs when there is a blockage, partial or complete, by a blood clot in one of the deep 
veins [84,85]. PE is when this clot breaks off from its location and travels to the lungs through the 
blood streams. Large clots can cause death, and smaller clots damaging the lungs or the heart. Chapter 2                           Literature review 
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Problems arising due to PE after hip arthroplasties have been well documented  [85], with even 
loose particles from the reaming of the bone contributing to the occlusion of the capillaries [86]. 
Some of the causes of DVT include limited activity and bed rest, smoking, fractures, obsesity etc. 
Blood thinning agents are often used which stop clots from forming. Surgery in extreme cases is 
also carried out. 
Pain 
 
These make up a few percentages of all failures according to the joint registries. Pain is usually 
associated with debonding of the stem from the cement mantle for cemented implants but is not 
necessarily  the  case  with  cementless  implants.  For  cementless  implants,  thigh  pain  could  be 
associated with the bulky nature and tight fit of the implant in the medullary canal. Other factors 
like subsidence, bead shedding and distal periosteal reactions are also said to cause thigh pain [87]. 
 
Fractures 
 
Fractures  of  the  implant  itself  are  uncommon  and  occur  only  in  extreme  cases.  Periprosthetic 
femoral fractures are more common and are mostly associated with trauma or a loose implant [88]. 
The  same  paper  also  found  a  close  association  of  implant  related  factors  like  design  and 
malpositioning contributing to fractures. It can be reasoned that a loose implant can cause stress 
concentrations in specific locations in the bone and under cyclic loading, cause fractures.  
 
2.4 FIXATION OF IMPLANTS 
 
2.4.1  INTRODUCTION 
 
The method of fixation, along with the choice of bearing surfaces for articulation, are two of the 
main dilemmas faced by surgeons planning a joint replacement. The type of fixation for implants 
can  be  classified  into  two  main  categories,  cemented  and  uncemented.  Cemented  fixations  use 
polymethylmethacrylate  or  bone  cement  to  fix  the  component  in  place  whereas  uncemented 
implants use a rough frictional interlock coupled with osseointegration to achieve stability. Figure 
2.19 provides a description of the interface in both cases. More on this will be explained in the 
following sections. The rationale behind the use of either type of fixation is influenced by various 
factors like the implant type, their fit and fills characteristics, patient factors and also the surgeon’s 
preference.  A  total  hip  replacement  can  be  made  of  both  components  being  cemented  or 
uncemented or with one component cemented and the other uncemented, in which case it’s called a 
hybrid fixation. In most cases of hybrid fixations, the femoral component is usually cemented with 
the acetabular side left uncemented.  Chapter 2                           Literature review 
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Figure 2.19: Schematic of the bone implant interface in a typical cemented (left) and uncemented 
fixation (right)7. 
 
2.4.2  CEMENTED IMPLANTS 
 
Cemented  implants,  as  the  name  suggests,  are  implanted  using  bone  cement,  commonly 
polymethylmethacrylate (PMMA). Before its advent in arthroplasty, it was used in dentistry [89]. 
Cemented fixation of implants became popular after being pioneered by Sir John Charnley in the 
1960’s but it wasn’t the first case of the use of bone cement for hip arthroplasty. It was reported as 
early as 1953 when a fast setting dental acrylic was used to fix a femoral component [90]. However, 
it was still Sir John Charnley who popularised and revolutionized the use of bone cement for the 
fixation of implants [91]. 
2.4.2.1  BONE CEMENT 
 
Bone cement is made of two main components,  with an additional smaller percentage of other 
substances  used  to  improve  specific  characteristics  of  it.  The  cement  is  supplied  as  two 
components, a PMMA powder component, and a monomer methyl methacrylate component which 
combine and through polymerisation form bone cement. Bone cement acts as a grout and holds the 
implant firmly in place. It should be noted that the cement does not provide adhesive properties, 
and merely conforms to the gaps and spaces and fills them accurately. 
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2.4.2.2  BASIC DESIGNS 
 
Considering cemented implants, there are two main designs based on the surface finish that are 
commonly used. The surface can be smooth and polished, or roughened-matt textured. The smooth 
and polished like the Charnley cemented stem is a force closed design with a tapered edge, which 
minimises  shear  stresses  but  increase  compressive  radial  stresses.  The  incidence  of  initial 
migration is high in these designs. In contrast, the roughened matt finished stems are shape-closed 
designs and provide a better mechanical interlock with the cement that prevents initial migration, 
but transmit high shear stresses to both interfaces [92]. An example of a cemented stem that comes 
in a matt finished and a polished version is the Exeter stem. In an extensive study done on this 
stem,  it was found that the rate of revision was almost four times higher than found  with the 
polished  stems  over  20  years  [93].  Osteolysis  was  found to  be  the  biggest  problem,  with  matt 
surfaced stems showing more abrasive wear on its surface. This contributed to the wear of the 
internal surface of the cement mantle and enlargement of the interface gap, providing a way for 
particle debris to be transported by joint fluid. This has also been supported in other studies [94-
96].  
2.4.2.3  ADVANTAGES 
 
Cemented implants have  been the popular choice in  many countries and also among surgeons. 
Cementing has been called the “gold standard” due to their excellent clinical history and their ease 
of use. Cementing provides a number of a advantages. Firstly, the cementing procedure is very 
forgiving in terms of preparing the bone for implantation. The surgeon can afford to make small 
deviations from a precise operating technique. The preparation of the femoral canal need not be a 
perfect fit for the implant because the bone cement acts as a grout or filler. The bed cut can be much 
larger than the prosthesis and the cement would fill out the incongruities. It also allows the surgeon 
to make minor modifications to the positioning of the implant, while the cement is still curing. 
Another advantage of the use of bone cement is that weight bearing is possible in a shorter period 
as compared to cementless implants. The strength of the cement reaches its peak at the end of the 
operation and weight bearing would be possible in 2-3 days following the operation. The recovery 
time  would  only  be  restricted  to  the  healing  of  the  soft  tissues  around  the  hip  following  the 
operation. This would imply that patients would be able to resume normal activities in a shorter 
period  as  compared  to  the  weeks  of  immobilization  that  would  ensure  following  a  cementless 
implant. Infection, normally associated with any hip arthroplasty can also be minimised by the 
addition of antibiotics in the bone cement. 
 
Cemented implants also help in transmitting the loads acting at the joint over a larger surface area 
as compared to uncemented implants [91]. This is due to the interlocking of the cement between 
the trabeculae of the cancellous bone. Moreover, due to the cement conforming to the shape of the 
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uniform stress distribution. Cemented implants do not have the limitations of uncemented implants 
with respect to the quality of bone and can be used in older patients safely, without compromising 
on the stability of the implant.  
2.4.2.4  PROBLEMS OF BONE CEMENT 
 
There are a number of problems with the use of bone cement, both mechanical and biological, that 
can lead to complications. Bone cement fixation results in the formation of two interfaces: cement-
bone and the cement-implant. Results for femoral components have shown that the incidence of 
loosening at the two interfaces is evenly divided, as described by Gruen et al and shown in figure 
2.20.  The  mechanical  aspects  tend  to  be  largely  causative  of  the  problems  associated  with  the 
cement-bone interface and the biological aspects at the bone cement interface. 
 
 
Figure 2.20: The four modes of failure as described by Gruen et al [97] . 
 
Loosening of a cemented component on a purely mechanical basis has been explained by the same 
authors based on four principal modes of failure through loosening, namely 
 
  Pistoning behavior of the stem with the cement, and the cement with the bone that results 
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  Medial midstem pivot characterized by the medial migration of the proximal stem coupled 
with lateral migration of the distal stem tip. 
  Calcar pivot defined by the medial-lateral toggle of the distal end of the stem due to the 
lack of support in the region. 
  Bending  cantilever  fatigue  characterized  by  the  partial  or  complete  loss  of  proximal 
support  followed  by  the  medial  migration  of  the  proximal  stem  with  the  distal  end 
remaining fixed. 
The specific problems associated with loosening are discussed as follows: 
Debonding 
 
Cement-stem  debonding  is  one  of  the  most  common  forms  of  failure  in  cemented  implants. 
Debonding of the stem-cement interface affects the damage process in the stem and the cement 
considerably. Debonding has been directly linked to high strains and stress on the cement mantle at 
the proximal and distal tip of prosthesis and also with crack initiation at the debonded surface of 
pores in the cement surrounding the debonding [98]. These cracks are said to be formed due to 
stress  changes  secondary  to  debonding.  Bone  cement  has  another  property  that  has  adverse 
consequences. Its shear strength is only one-third of its tensile strength. Hence if the cement is 
subjected to shear forces, like the rotation of the stem, it would not be able to resist the load. Finite 
element studies by Verdonschot et al [61,63] have also shown that debonding is governed by the 
shear stress component at the interface. Debonding was found to start at the tip region and the 
proximal, medial anterior region. These debonded regions expanded until the whole interface was 
debonded, hence causing implant loosening. Debonding is also one of the primary causes of aseptic 
loosening. This can be explained by the phenomenon of accumulation of wear debris. The debonded 
stem  produces  a  pathway  for  debris  during  loading  or  normal  motion.  The  formation  of  the 
pathway can be adjudged by the interface area that was in contact with the cement. This pathway 
where debris can accumulate and cause damage can be considered as a possible cause of aseptic 
loosening. 
 
Another clinical implication is the excessive fatigue caused due to the debonding. The high stress 
regions are more likely sites for failure initiation. Fatigue cracks often originated from the stem 
surface. This might be associated with the sharp corners in the stem geometry where high stresses 
were  found  [99].  Fretting  wear,  as  a  result  of  primary  debonding,  could  also  cause  implant 
loosening in cemented femoral stems [100]. The cement relies on mechanical bonding in order to 
adhere to the interior of the femur, and also on the chemical bonding to secure the stem within the 
femur. If the stem manages to loosen from the (primarily chemical) bond of the cement, it rubs and 
wears against the fairly brittle cement sleeve, resulting in particulates of metal and cement.  
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Osteolysis 
 
Bone cement can fail under various factors, the most common being damage accumulation under 
constant dynamic and repetitive loading. When the cement mantle fails, through the defects in the 
cement  mantle,  wear  particles  have  been  reported  to  be  transported  from  the  stem-cement 
interface to the cement-bone interface.  This process was found to be  enhanced  when the stem 
debonds from the cement mantle and a pathway forms to transport particles from the joint space to 
the fractured sites, activating macrophages and hence osteolysis [101]. Osteolysis almost always 
follows after loosening of the stem but has also been reported around stable well-fixed cemented 
implants by Jasty et al and Maloney et al [72,102]. Jasty et al reported that loosening of the implant 
is not an absolute prerequisite to lysis around cemented hip replacements. It was speculated that 
osteolysis was a reponse to particulate debris from the articulating surfaces on acrylic wear debris. 
The osteolytic regions were found to be remote from the joint and PMMA particulate material was 
found with macrophages and giant cells in the reactive tissue. Maloney et al also reported similar 
results of lysis being caused by foreign body reaction to particulate PMMA ( 
figure 2.21). It was also concluded that small amounts of PMMA stimulated endosteal erosion and 
localized  osteolysis.  Hypersensitivity  has  also  been  reported  as  a  possible  cause  of  osteolysis 
[103,104]. 
 
 
     
 
Figure 2.21: SEM showing multiple fractures in the cement mantle with fragmentation of the 
cement adjacent to a focal area of bone lysis (left) and osteolysis at 102 and 134 months [102]. 
Residual and shrinkage stresses 
 
Residual  stresses  are  often  used  in  conjunction  with  shrinkage  stresses  and  are  formed  in  the 
cement mantle during the polymerization of bone cement. Normal stresses at the stem–cement 
interface  are  developed  resulting  in  a  press-fit  problem.  Nearing  the  end  of the  process,  when 
polymerization takes place in contact with the cortical bone, which has impermeable surfaces, the 
residual radial stresses always remain compressive at the stem–cement interface due to the cement Chapter 2                           Literature review 
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expansion  [105].  A  finite  element  study  by  the  same  author  concluded  that  residual  stresses 
affected  the  cement  stress  distributions  at  the  stem–cement  interface.  Residual  stresses  are 
influenced by shrinkage stresses. To separate shrinkage stresses from residual stresses a separate 
description follows. 
 
Bone cement shrinkage is yet another factor that contributes to the loosening of an implant. In 
order to improve the fatigue life of bone cement, vacuum mixing has been favoured to hand mixing 
as this has been shown to reduce the number of pores formed in the cement [106]. However, the 
volume of vacuum mixed cement may reduce by as much as 7–8% on curing, compared with only 
1–2% in hand mixed cement [107,108]. This is a consequence of the greater content of air bubbles 
in  hand  mixed  cement  expanding  during  polymerization  to  counteract  shrinkage.  The  Residual 
stresses explained earlier are influenced by the shrinkage stresses. Experiments undertaken by Orr 
et al [109] to investigate shrinkage stresses and its effect on the residual stresses (figure 2.22) have 
shown  that  in  some  cases,  the  shrinkage  stresses  neared  and  sometimes  exceeded  the  tensile 
strength of bone cement. This could prove detrimental to the stability of the cement mantle and 
cracks would initiate. 
 
                        
 
Figure 2.22: Shrinkage gap at the cement-bone interface (left) and the radial fatigue crack at the 
cement-prosthesis interface (right) [109]. 
 
The studies by Lennon et al [64,65]summarise the importance of residual and shrinkage stress. 
They conclude that residual stress is a factor in pre-load cracking of cement mantles of orthopaedic 
joint  replacements  but  requires  additional  factors,  such  as  porosity,  stress  concentrations,  or 
excessive heat generation, to initiate large cracks. Also, the peak temperature reached for a given 
region of cement has a significant effect on the level of residual stress that occurs, indicating that 
control  of  polymer/monomer  ratios  as  well  as  ambient  conditions  during  polymerization  are 
critical in controlling the phenomenon of preload cracking due to shrinkage. 
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Thermal and Chemical necrosis 
 
Since  the  inception  of  bone  cement  in  the  fixation  of  orthopaedic  implants,  there  have  been 
concerns  about  the  detrimental  effects  of  the  polymerization  reactions  of  the  cement  in  close 
apposition  to  the  bone.  Thermal  and  chemical  reactions  produced  by  the  reaction  have  been 
reported  to cause  bone  necrosis  thus  resulting  in  loosening  [110,111].  Homsy  et  al.  [112]  and 
charnley [113,114] have also reported substantial trauma at the implant bone interface. Figure 2.23  
shows the extent of damage found after the insertion of cement in the same study. However, the 
latter has attributed the necrosis to the processes associated  with the implantation; broaching, 
rasping and polymerization combined  rather  than just on the process  of thermal and chemical 
changes as stated by the former. The rationale behind the possible necrosis is that the heat evolved 
during  the  change  of  the  high-energy  unstable  monomer  molecule  to  the  low-energy  polymer 
causes  the  surrounding  bone  to die.  In addition,  the  amount  of heat  produced  depends  on  the 
amount of the monomer polymerizing and the temperature reached at any given site depends on 
the  rate  of  production  and  ease  of  escape  [115,116].  Work  by  the  two  separate  authors  also 
concluded that the highest temperature at the cement/bone interface is achieved in those cases in 
which large amounts of acrylic are used. Stanczyk et al [116] in his finite element study concluded 
that trabeculae extending deep into cement are exposed, for short duration, to temperatures in 
excess of 70oC and are in a prolonged contact with the volume of cement containing substantial 
monomer leftover. This could result in bone necrosis. It was also found by the same author that 
bone tissue that is subjected to the highest temperatures is also subjected to high leftover monomer 
concentration.  Furthermore,  the  maximum  bone  temperature  is  reached  relatively  early,  when 
monomer content in the neighbouring cement is still quite high thus unlikely that cells subjected to 
the conditions will survive resulting in necrosis and hence, loosening. 
 
 
 
Figure 2.23: Photomicrograph of the interface seventeen days after the insertion of cement. ‘a’ 
represents the cement bulges, d the original trabeculae and x is the depth of tissue damaged by 
cement [114]. Chapter 2                           Literature review 
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Necrosis due to chemical aspects can be well explained by the fact that insertion of the cement 
brings into contact with bone a powerful fat solvent. Monomers and fat are miscible and also, the 
cement dough contains free radicals that are formed during activation and are chemically reactive. 
Chemical damage can damage cell walls can cause protein coagulation [115]. However, it has been a 
common consensus among the articles reviewed that thermal necrosis in itself is not as detrimental 
as compared to the mechanical, vascular and chemical trauma that occurs [113,114,116,117]. 
Cement pores 
 
High cement porosity compromises the cement’s mechanical strength and lessens its fatigue life. 
Pores or other inclusions concentrate stress in the material, often initiating fatigue cracks. These 
cracks ultimately lead to mechanical or aseptic loosening and implant failure. Reports show that 
fatigue fractures always occur at the largest macropores [118,119]. Figure 2.24 shows pores in the 
cement  mantle  after  hand  mixing  of  the  cement.  Cement  fracture  and  subsequent  premature 
loosening  are  directly  related  to the  strength  of the  cement  mantle,  which  acts as  an  interface 
between the bone and the prosthetic component. It has been shown that acrylic bone cement is 
weakened by its porosity, which promotes the formation of micro-cracks that contribute to major 
crack  propagation.  It  has  been  observed  that  mixing  procedures  play  a  significant  role  in 
determining the quality of bone cement produced [107-109]. 
 
 
 
Figure 2.24: Pores formed in the cement mantle after hand mixing [120].  
 
The sources of porosity are in the mixing and delivery stage: 
 
  Trapped  air  initially  surrounding  the  powder  and  between  the  powder  beads  as  the 
powder becomes wet. 
  Trapped air in the cement during mixing. Chapter 2                           Literature review 
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  Trapped air in the cement during transfer from mixing container to application device. 
 
Hand mixing bone cement in an open bowl allows for the greatest possibility of these occurrences. 
Large voids and flaws within the cement may lead to a cement mantle fracture caused by rapid 
crack  propagation.  Because  macroporosity  has  been  shown  to  be  a  cause  of  reduced  fatigue 
strength and mechanical failure, reduction of cement porosity is a logical step [121]. There is strong 
evidence that cracks in the cement are initiated at voids which act as stress risers, particularly at 
the cement-stem interface. The preferential formation of voids at the site results from shrinkage 
during  polymerization  and  the  initiation  of  this  process  at  the  warmer  cement-bone  interface, 
which causes bone cement to shrink away from the stem [120]. In the same study, it has also been 
concluded that when a stem at room temperature is implanted into bone which is at approximately 
body temperature, the polymerization of bone cement will progress from the bone towards the 
stem. This induces pore formations in the cement mantle near and at the cement-stem interface. 
The pores decrease the static strength of the cement-stem interface and affect the fatigue strength. 
 
2.4.3  UNCEMENTED IMPLANTS 
 
Uncemented implants can refer to any implant that does not require the use of bone cement for 
fixation. These implants rely on their rough surface and close apposition to the surrounding bone to 
provide  secure  fixation  following  implantation.  Most  uncemented  implants  are  press-fit,  which 
implies that the prepared bed for implantation is often undersized compared to the implant. This 
allows  the  implant  to  be  firmly  fixed  in  place,  and  coupled  with  the  interlock  provided  by  the 
coating, help provide good primary stability.  
 
Uncemented implants, based on the surface in contact with the surrounding bone, can be of three 
main types: Implants having roughened surfaces with no porous structures, implants with porous 
coatings  and  implants  with  osteoconductive  coatings  applied  to  the  roughened/porous  surface. 
Implants with just roughened surfaces rely entirely on their proximity to the surrounding bone to 
provide  a  good  frictional  interlock.  Additional  screws  and  nails  are  also  used  occasionally  to 
provide stability.  Porous coated implants use porous structures on the implant surface to initially 
provide frictional interlock with the surrounding bone and also allow bone formation into or onto 
the surface. This formation of bone from the endosteum to the surface or specifically into the pores 
of the coating is often referred to as bone ingrowth or osseointegration [122] . The rationale behind 
the use of these implants is that if bone grows into the porous surfaces, it can provide a secondary 
and  more  stable  long-term  fixation.  A  dedicated  section  on  porous  coated  implants  follows  in 
chapter 3. Uncemented implants also use additional osteoconductive coatings like hydroxyapatite 
and bioactive glass to promote bone ingrowth on to the surface of the implant [123]. These coatings 
can be applied on the roughened surface of the implant or the porous surface without affecting the 
porosity by much. These coatings allow bone to grow on their surface. The rationale behind their Chapter 2                           Literature review 
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use is that bone formation could be stimulated on the surface of the implants, with the coatings 
gradually being resorbed.  
 
Traditionally, uncemented implants have been large and bulky, with the emphasis being on the fit 
and  fill  principle  for  maximum  contact  with  the  surrounding  bone,  including  the  diaphysis  to 
encourage more osseointegration with the implant. The anatomic medullary locking (AML) and the 
porous coated anatomic (PCA) are two such implants that employ this principle and engage the 
diaphysis  for  fixation.  However,  a  constant  concern  regarding  uncemented  implants,  and 
specifically those that rely on distal fixation has been the stress shielding of the proximal regions of 
the femur; causing atrophy and loosening of the implant proximally [74,124]. To this end, more 
recent developments in uncemented implants have relied on engaging the proximal regions of the 
femur, either through using roughened surfaces/porous coatings only in the proximal half of the 
implant or through designs that load the proximal femur effectively, including reducing the size of 
the implant or using the stem as a alignment tool rather than for fixation [125-133]. Other concerns 
arising from the uncemented implants have been incidence of thigh pain, attributed to the tight fit 
or with failing fixation [87,134], loosening and wear of the coating [135,136] or fracture of the 
femur during implantation or at later stages. 
 
2.4.4  CURRENT TRENDS IN FIXATION TYPE 
 
The choice of cemented and uncemented implants for primary hip replacement varies from one 
country to the  next. Traditionally, Europe  has always been  pro-cement use, with countries like 
Sweden and England contributing to the large number of cemented procedures. For example, the 
Swedish hip arthroplasty register [1] records no uncemented implants used in 1979 and very few 
used till around 2000. However, the use of cemented implants is on the decline, even in these 
countries that have traditionally been inclined to using cement. For example, there was a sharp 
decline in the use of cement in the last 10 years in Sweden and a similar trend of late observed in 
England and Wales (figure 2.25). 
 
           
 
Figure 2.25: The fall in the use of cemented procedures in two different countries [1,51]. 
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The decline in the use of cemented implants has been due to a corresponding increase in the use of 
uncemented  implants.  There  could  be  a  number  of  reasons  for  this;  the  minimum  age  of  the 
population  requiring  hip  arthroplasties  has  drastically  reduced,  there  is  renewed  belief  in  the 
advantages of using uncemented implants for these young patients, surgeons are now getting more 
experienced with their use and using them for patients who would normally have had a cemented 
procedure etc. For example, between 1992 and 2007, the average age of patients using uncemented 
implants has gone up from 45 years to 57 years with little change in the age group for cemented 
implants [59]. In New Zealand, the last 9 years has seen the most change, with  the number of 
cemented and uncemented implants swapping places (figure 2.26). A similar rise is seen in the 
national joint registry of England and Wales through the last 4 years. 
 
 
           
 
Figure 2.26: The rise in the use of uncemented implants in New Zealand, and England and Wales for 
different years [1,51]. 
 
Other countries like Australia, Canada and North America have had a preference for uncemented 
implants and their use is always on the rise [3,137]. The hip registers of Australia and Canada 
report  the  percentage  of  uncemented  implants  used  at  ~62%  and  71%  for  2008.  The  use  of 
cemented implants was as low as 3% in Canada.  
 
Based on the joint registry data from the aforementioned countries, there is no doubt that the use of 
uncemented implants is always on the rise and the focus is on more natural integration with the 
surrounding bone than the use of artificial substances for the fixation of implants. Uncemented 
implants are advocated for patients under the age of 60, who have good bone stock and do not 
suffer from severe osteoporosis. Above this age group, the use of uncemented implants declines, 
and  are  used  only  in  few  cases  where  the  surgeon  can  justify  their  use  over  their  cemented 
counterparts. The national joint registry of England and Wales highlights this fact, with the age 
range for the use of cemented implants between 68 and 80 years, with uncemented between 59 and 
73 years. The higher activity level of these young patients may also warrant an additional revision 
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surgery at a later point, but on a comparative note, uncemented stems in particular have been 
found to function better than cemented stems for a period exceeding 10 years [59]. For countries 
that have traditionally been inclined to uncemented implants, the numbers are promising, with the 
percentage of revised femoral components on the decline in the last few years as show in figure 
2.27. 
 
 
 
Figure 2.27: The number of primary uncemented femoral stems used and their revised numbers for 
specific years [3]. 
 
Considering the number of problems associated with the use of cement, the use of uncemented 
implants has seen a rationalised increase in many countries. The promise of a biological interface, if 
achieved, could result in a safer, more stable interface increasing the longevity of the fixation and 
reducing the chances of interface failure, especially due to aseptic loosening. 
 
2.5 POROUS COATINGS FOR UNCEMENTED IMPLANTS 
 
2.5.1  INTRODUCTION 
 
The  concept  of  implant  fixation  by  bone  ingrowth  arose  in  the  early  1900’s  for  a  conceptual 
artificial tooth root. The idea, developed by Greenfield, consisted of a metallic cage-like framework 
which bone would grow into and around and securely fix it in position. However, it was following 
the 1950’s that the idea really came into prominence with the use of polyvinyl sponges for bone 
reconstruction [138,139]. In the 1970’s, the use of metallic porous surfaces in the form of cobalt 
chrome and titanium beads came into use followed by titanium fibre mesh coatings. The trend to 
use metallic coatings has continued through the years. An important aspect regarding the choice of 
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porous coating for implants is that the performance is dependent on the amount of bone ingrowth 
it can achieve, which in turn is dependent on the configuration of the coating itself. A range of 
biomaterials  have  been  used  as  porous  coatings  for  implants;  polymeric,  ceramic  and  metallic 
coatings have been used with varying success depending on their compatibility.  
 
The choice of using polymeric materials began as early as the 1970’s. The rationale behind using 
these materials was the low elastic modulus that could be compatible with bone. Spector et al. [140] 
used porous high-density polyethylene as implants in canine femurs to investigate the possibility of 
bone  ingrowth.  Good  bone  ingrowth  at  the  end  of  4  weeks  was  obtained,  but  for  unloaded 
conditions. Biodegradable porous polymers based on polyurethane have also been used to fill in 
bone defects [141]. The use of polymeric materials as porous coatings for loaded conditions in 
human joints would not be feasible as its ability to withstand mechanical forces at the implant site 
would be limited. Excessive micromotion at the interface can also be problematic with the use of 
porous polymeric materials. 
 
Porous  ceramics  have  enjoyed  success,  primarily  as  fillers  for  bone  defects.  Foams  of  calcium 
phosphate, calcium titanate, calcium zirconate, and aluminium oxide have been investigated earlier 
in animal studies [139]. However, their role as porous coatings on loaded implants has been limited 
due to their inherent brittleness. Ceramics used in implants can be categorised as bioinert and 
bioactive. Bioinert ceramics like alumina and zirconia are currently used as articulating surfaces. 
Other ceramics based on calcium phosphate like bioactive glass and hydroxyapatite can be used as 
bioactive  surface  coatings  on  the  implant  substrate  or  on  existing  porous  surfaces  to  promote 
osteoconduction. The osteoconductive nature of these bioactive ceramics promotes bone formation 
on the surface and in the process encouraging bone ingrowth into the pores of the coating. The role 
of these coatings will be explained in later sections. 
 
The poor overall mechanical properties of ceramics and polymeric materials have restricted their 
use as porous coatings, and instead brought into prominence the use of metals as porous coatings 
[142]. Metallic coatings have good fracture and fatigue resistance. The initial rejection of metal for 
use as a porous surface was based on possible corrosion due to the large surface area and the high 
modulus that could cause remodelling of bone. However, improvements in fabrication techniques 
have reduced this problem and metals are currently the preferred biomaterial for porous surfaces 
on loaded implants. The metallic porous coatings used in implants for joint arthroplasty usually 
consist of a solid substrate of relatively high modulus on which the porous coating is applied. The 
modulus of the substrate is much higher when compared to the porous coating.   The substrate 
provides the mechanical properties required by an implant (based on its location in the body). The 
coating is applied to the solid substrate by different techniques depending on the type of coating. 
An overview of the fabrication processes used currently in industry is explained in section 2.5.2. 
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Typical porous coatings used in hip and knee replacements are cobalt chrome or titanium alloy 
spherical  beads  that  could  range  from  a  single  layer  to  multiple  layers  of  beads.  Some  of  the 
implants using beads as porous coatings are the Porous coated anatomic (PCA) and the Anatomic 
Medullary locking (AML) prostheses (Co Cr beads), and the Microloc knee prosthesis (Ti beads). 
Other  porous  surfaces  used  are  fibre  mesh  coatings  mostly  limited  to titanium  as  the  material 
(Harris/ Galante hip and knee). The titanium fibre mesh is applied on a titanium substrate. Cobalt 
Chrome  alloys  are  generally  not  used  as  fibre  mesh  coatings.  Grit  blasted  and  plasma  sprayed 
porous surfaces are also currently used in uncemented implants to promote bone ingrowth. They 
rely on their irregular surface for bone attachment rather than their limited porosity. Some of these 
surfaces are shown in figure 2.28. 
      
 
(a)      
 
(b)      
 
(c)      
 
(d) 
Figure 2.28: Different porous surfaces commonly used for bone ingrowth. (a) Plasma sprayed 
surfaces, (b) sintered beaded surfaces (large spheres), (c) sintered beaded (Small spheres), (d) 
diffusion bonded fibre metal surface.  Figures left to right show cross sections through the porous 
surfaces [143]. Chapter 2                           Literature review 
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Porous implants can be categorised as being (a) fully or partly porous coated substrates (b) fully 
porous materials or (c) porous metal segment joined to a solid metallic part. Fully porous materials 
are often used as bone grafts to fill in defects. There are two main categories of porous metals based 
on the connectivity of pores. They are open cell and closed cell porosities. In open celled porous 
materials, individual pores are interconnected to provide a complex network into which tissues and 
blood vessels can grow. This also means that there exists a continuous layer of tissue from the 
originating  tissue  into  the  implant,  which  could  provide  better  fixation.  In  closed  cell  porous 
materials, each pore is surrounded and enclosed by a thin wall or membrane of metal, with no 
interlinking with other pores. This results in a closed structure and is usually a result of a random 
foaming process during manufacturing [142]. 
 
2.5.2  FABRICATION TECHNIQUES FOR POROUS METALS 
 
Porous coatings are usually applied to the substrate metal by one of three techniques, sintering, 
diffusion bonding and plasma spraying. All of these processes are distinct and result in surfaces that 
are  unique  in  their  mechanical  properties.  These  fabrication  processes  also  differ  in  their 
complexities.  Sintering  is  the  simplest  of  the  techniques  and  involves  compacting,  binding  and 
sintering metal powders [142]. The process is based on extremely high temperatures that bonds 
particles  to  each  other  with  minimum  change  of  shape.  A  binder  is  used  to  provide  adhesion 
between the particle and the substrate initially. The strength of the bond produced depends on the 
temperature, total time and impurities present. Powders and beads of Co-Cr, Ti, Ti alloys and NiTi 
have been used in this process. The porosity obtained by sintering is usually limited to around 30-
50%. The potential problem of sintering is that the process results in the loss of fatigue strength of 
the substrate metal, especially with titanium [142]. 
 
Diffusion bonding has been used to counter some of the problems faced by sintering. Titanium fibre 
mesh  porous  surfaces  are  usually  fabricated  by  this  technique.  The  fibres  with  the  required 
porosity are arranged on the substrate and then subjected to pressure and high temperature to 
attain the bonding [12]. The temperature is much lower than that used in sintering. Porosity can be 
controlled by arrangement of the fibres initially before bonding.  
 
However, the most versatile of the aforementioned fabrication techniques is plasma spraying. The 
technique can be used to obtain graded distribution of pores for both metallic and non-metallic 
coatings like HA [12]. In this process, it’s the powder used to create the porous surface that is 
heated  and  not  the  substrate  hence  maintaining  the  fatigue  characteristics.  An  electric  arc  is 
generated between two electrodes that ionises, pressurises and raises the temperature of the gas 
present forming a plasma jet. The powder is released into this gas stream and impacted on the 
substrate through a nozzle. The porosity of the surface can be controlled by adjusting the spraying 
parameters [142]. Chapter 2                           Literature review 
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2.5.3  COATING PARAMETERS FOR EFFECTIVE INGROWTH 
2.5.3.1  PORE SIZE AND POROSITY 
 
Pore size and porosity are important determinants of how much bone ingrowth can be achieved at 
the porous surface. The pore size should not be too small as to hinder the growth of new bone and 
blood vessels and not too large as to weaken the interface. Extremely large or small pore size could 
result in the formation of fibrous tissue. The minimum pore size for  bone ingrowth for loaded 
implants has been considered to be around 100µm, although studies have shown bone ingrowth 
with pore sizes much lower [144-146]. The current standard remains the use of pore sizes ranging 
from 100-600µm to allow osteoid and vascular formation in the porous layer for optimum bone 
ingrowth. Canine studies have also indicated that the percentage of bone ingrowth does not differ 
much between pore sizes of 200 and 450µm [143]. Larger pore sizes have also been attributed to 
better strength of fixation as compared to those smaller than 100µm, but within the 100-600µm 
range, the strength has been found to not vary much [147].  
 
Particle  interconnectivity  is  another  factor  essential  for  the  strength  of  the  porous  coating.  It 
corresponds to the size of attachment between the particles of the coating. As reported by Haddad 
et al. [139], high and low interconnectivity could be detrimental to the strength of the tissue and 
ingrowth of bone. A high level of interconnectivity could result in smaller pore sizes, hence affecting 
ingrowth. Similarly, low interconnectivity could mean larger voids between particles and hence 
decreased structural strength of the coating itself. In addition, if large numbers of particles are 
present in the porous coating, a better frictional interface between the bone and the implant can be 
obtained due to more particle to bone contact.  Hence, a compromise is essential to provide an 
optimum porous surface for bone ingrowth and yet maintain structural strength. 
 
Porosity is often expressed as volume fraction porosity, which is the percentage of available gaps or 
voids within the coating. It is a function of the pore size, particle interconnectivity and particle size 
of the coating. A volume fraction porosity of 40% or higher is considered ideal with evidence of 
good bone ingrowth in these cases [148]. Higher percentages of bone ingrowth have also been 
obtained  in  porous  surfaces  with  porosity  greater  than  60%  as  compared  to  lower  porosities 
[149,150] confirming the need for good porosity within the porous surface. Good internal porosity 
is also essential for anastomosis of blood vessels and for ingrown tissue interconnectivity, ideally 
resulting in a continuous band from the tissue surrounding the implant into the porous surface. 
Formation  of  de  novo  bone  (new  bone)  within  the  porous  surface,  devoid  of  connection  with 
surrounding  bone  tissue  would result in a mechanically weak interface.   Figure  2.29 shows an 
example of two different porosities for sintered porous Ti implants 
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              Figure 2.29: SEM view of sintered porous Ti implants with different porosities [150]. 
 
Controlling  porosity  is  also  essential,  as  high  porosity  could  be  detrimental.  There  has  been 
evidence of totally porous implants having a weaker interface than porous coated implants due to 
improper anastomosis of blood vessels at the deeper levels of the implant, which could have an 
adverse effect on bone ingrowth. The mechanical strength has also been found to be compromised 
in these implants [151]. When considering coatings such as HA on porous surfaces, it should be 
noted that the porosity and pore size should be increased accordingly to prevent obstruction of the 
pores. 
2.5.3.2  COATING EFFECTS 
 
The influence of the type of metallic porous coating on bone ingrowth, ranging from single/multiple 
layers of sintered beads of Co Cr or titanium to fibremesh,  grit blasted and plasma sprayed surfaces 
has  been  investigated  [14,143,152-154].  Different  surface  textures  might  influence  ingrowth  in 
different  ways.  For  example,  plasma  sprayed  and  grit  blasted  surfaces  might  provide  a  rough 
mechanical  interlock,  but  their  texture  might  not  be  as  conducive  to  bone  formation  as  other 
porous surfaces. The key to successful ingrowth of bone is to find an ideal porous surface with the 
right  surface  texture  and  pore  characteristics.  A  study  conducted  by  Friedman  et  al.  [153] 
investigated the effects of four different porous coatings on strength of fixation and bone ingrowth. 
The  coatings  used  were  single  layered  Co-Cr  beads,  three  layered  Co-Cr  beads,  arc  deposited 
titanium, plasma sprayed Co-Cr and grit blasted titanium. The results showed that at the end of six 
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significant difference between the single layered, three layered Co-Cr and arc deposited titanium at 
the end of twelve weeks. Mechanical strength was highest for the single layered Co-Cr beads, but 
was not significantly different from three layered and arc deposited surfaces. Bone apposition to 
the grit blasted and plasma sprayed surfaces was patchy and low and the mechanical interface 
weaker than the other surfaces (figure 2.30). Other studies have indicated better bone ingrowth in 
terms of volume and depth for titanium fibre mesh than beaded Co-Cr coatings [143,154] with the 
beaded coating showing good bone ingrowth initially but replaced by fibre mesh coatings for longer 
durations [14]. This has been attributed to the more open structure provided by the mesh.  
 
 
Figure 2.30: Bone apposition on five different porous surfaces as investigated by [153]. At the end 
of six weeks, single layered Co-Cr bead porous surface showed highest percentage of bone 
apposition. However, at the end of twelve weeks, barring plasma sprayed and grit blasted surfaces, 
there was no significant difference in bone apposition between the surfaces. 
 
A similar result has also been found in a study by Simmons et al. [155], where the difference in 
percentage of bone ingrowth into titanium beaded and plasma sprayed titanium surface was not 
statistically significant at the end of sixteen days, but initial four to eight day ingrowth percentage 
for the beaded coating exceeded that of the plasma sprayed surface. This could suggest that initial 
healing and bone apposition of sintered beaded porous coating is much better than other surfaces. 
Moreover,  the  bone  found  ingrown  on  the  sintered  beaded  surface  was  not  localised  and  was 
adjoined to the host bone surrounding it, providing a stronger interface (figure 2.31). 
 
 A finite element analysis was also carried out by Simmons et al. [156] to investigate the initial rapid 
ingrowth into the beaded coating.  The results showed that the beaded porous coating provided an 
interface zone with stiffer effective properties and larger strain protected regions as compared to 
the plasma sprayed coating. The distortional and volumetric strains in the tissue surrounding the 
beaded coating were lower. Low values of these strains have been cited to be favourable for bone 
formation during tissue differentiation [23] which will be discussed in detail in section 3.3. The 
beaded porous coating was also considered to have an advantage of a larger area in which the Chapter 2                           Literature review 
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tissue in between the spaces was strain protected, hence lowering the strains in the regions and 
influencing rapid bone ingrowth. 
 
                      
               
                      (1)            (2)                        (3)                   (4)                      
Figure 2.31: Scanning electron micrographs of the titanium alloy-sintered porous-structured 
surface (top) and the Ti plasma spray-coated surface (bottom). Left to right shows histological 
sections demonstrating a (1) Well-defined interface zone adjacent to both the porous-surfaced and 
plasma-sprayed implants after 4 days of healing (2).  More extensive coverage and interdigitation of 
the healing tissue matrix with the porous surface than plasma-sprayed surface 4 days post 
implantation (3). Some areas of the plasma-sprayed surface were devoid of tissue 16 days after 
implantation (4) showing extensive coverage and interdigitation of the porous and plasma-sprayed 
surfaces with mineralized tissue and dense matrix [155]. 
 
Comparing the same type of coating for both Co Cr and titanium alloys, more ingrowth has been 
found in titanium alloys [157], perhaps due to its better biocompatibility with bone. This could be 
due to the lower modulus of titanium, compared to that of Co Cr,  which leads to better stress 
transfer to the surrounding bone resulting in better ingrowth of bone tissue. In addition, this could 
also be attributed to the higher affinity of bone to form on the oxide of titanium compared to those 
of other metals [158]. However, it has to be noted that both materials are still several times stiffer 
than bone and it cannot be confirmed that this is the reason for the difference. Therefore, based on 
literature, it can be declared that material and morphology of the coating does not significantly 
affect bone ingrowth long term, although initial bone ingrowth seems to favour the beaded porous 
coating. A preference of coating cannot be concluded  unless the surface has been shown to be 
significantly different from other coatings long term. Chapter 2                           Literature review 
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2.5.3.3  INITIAL FIT AND PROXIMITY TO BONE 
 
The degree of apposition of joint replacement prostheses to bone is primarily dependent on the 
implant geometry.  Preparing the bone  bed for  insertion of the implant strictly according to its 
geometry is often difficult during surgery. Nevertheless, the closeness or fit with the host bone can 
often determine if bone ingrowth occurs at the porous surface or not. Close apposition with bone is 
often an indicator of good fixation and increases stability at the interface. Large gaps existing at the 
interface could easily lead to implant loosening on repeated loading [159-161]. 
 
Early canine studies have highlighted the importance of a good initial fit with close apposition to 
host bone. Camron et al. [159] studied interface gaps of 0-1.5 mm to determine the effects of large 
gaps on rate of bone ingrowth at 2, 3, 4, 6, 8, and 12 weeks. Bone ingrowth was evident at the end of 
the third week for the smallest gap and maximum strength at the interface at the end of the 4th 
week. The 1.5mm gap was also filled with bone at this period, although the quality was determined 
to be inferior to the smaller gap cases. A similar study by Sandborn et al. [160] has confirmed the 
result. Gaps of similar sizes were evaluated to investigate the quantity and quality of ingrowth at 
the cortical and cancellous regions. It was reported that for gaps ranging from 0-0.5 mm, the rate of 
mature  bone  formation  was  high  when  compared  to  the  2mm  gap,  which  was  observed  to  be 
considerably low. The 2mm gap case showed structurally weak bone formed at the porous surface.  
However, it cannot be assumed that small gaps would ensure ingrowth, as even a lower limit of 
0.5mm has been found to show fibrous tissue formation as shown in figure 2.32 [143]. 
 
 
 
Figure 2.32: The gaps between the porous coating and the host bone predominantly filled with 
dense fibrous tissue. The bone adjacent to the fibrous layer was oriented tangential to the implant 
and showed signs of trabecular hypertrophy [143,162]. 
 
These studies clearly showed that although gaps could be filled by bone tissue at the end of 4-6 
weeks, large gaps  were often composed of qualitatively weaker  bone than smaller gaps,  which 
could  decrease  the  interface  shear  strength.  Even  the  slightest  of  gaps  could  compromise  the 
integrity of the interface. The influence of gaps has also been simulated in a finite element model by Chapter 2                           Literature review 
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Spears  et  al.  [161].  This  showed  patterns  of  bone  ingrowth  in  regions  that  are  fixed  in  close 
proximity of bone and no ingrowth in large gap regions. This can be explained by the difference in 
local stress and strain distributions in regions that do not have bone apposition. These regions 
would be subjected to poor stress distributions and would eventually resorb further compromising 
the  fixation  stability  of  the  implant.  The  difference  in  ingrowth  rates  can  also  be  explained 
biologically, related to the proliferation of bone forming cells at the site. During bone healing after 
insertion of the implant, pluripotent cells migrate and proliferate from the surrounding endosteal 
and bone marrow regions into the interface (see section 2.6.5). These cells are responsible for bone 
formation  through  a  complex  process  of  differentiation  and  maturation  depending  on  the 
mechanical conditions existing at the site. Large interface gaps could effectively reduce the number 
of cells migrating across to the porous surface, which could adversely affect bone formation on the 
surface. Additionally, the high stresses formed at the site due to improper contact, could lead the 
cells to differentiate to fibroblasts or cartilaginous cells and not bone [162]. 
2.5.3.4  INTERFACIAL STABILITY 
 
Stability at the implant bone interface is critical to the success of a porous coated implant. It is 
directly  related  to  the  amount  of  micromotion  between  the  implant  and  bone,  which  in  turn 
determines the type of tissue formed at the interface. Stability however, is dependent on implant 
design variables like geometry, cross section, coating etc and surgical tools used for rasping, drilling 
sawing etc. Interfacial stability can be categorized as primary or secondary stability; the former, 
immediate  stability  provided  by  the  rough  mechanical  interlock  of  the  implant  and  the  latter, 
slower process by bone ingrowth. The use of additional components for fixation, like screws and 
pegs also enhance the stability at the site. Finite element studies have shown that a good frictional 
contact and use of screws and pegs prevent relative micro-movements at the interface [163,164]. 
The influence of initial press fit on the stability has also been shown in silico to affect the levels of 
micromotion at the interface [21]. Press fit conditions of 0.02mm, (implying the cavity is under-
reamed 0.02 compared to the size of the implant) with high friction coefficient values were found to 
be inadequate with high micromotion at the interface. Press fit values of 0.2mm were ideal, with 
even relatively small friction coefficients preventing micromotion at the interface. 
 
Femoral  stem  designs  have  also  been  shown  to  make  a  significant  difference  in  stability  and 
micromotion with curved stems preventing more micromotion than straight stemmed [165]. The 
role of micromotion has been well covered in the literature [7,166-168] in determining the type of 
tissue formed at the interface, and has been cited as the most important factor for bone ingrowth to 
be successful. An example of bone and fibrous tissue formation for sintered beaded coating from a 
microscale  study  on  micromotion  is  shown  in  figure  2.33.  Micromotion  can  be  defined  as  any 
relative  movement  between  the  implant  and  the  surrounding  bone.  Micromotions  due  to axial, 
tensile and torque are most common considering the loading regime at the hip.   Chapter 2                           Literature review 
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Figure 2.33: SEM view of trabecular bone formation (left) and fibrous tissue formation (right) for 
sintered beaded coating [169]. 
 
Torque has been shown to cause more micromotion than axial loads [166]. It is a consensus among 
the reviewed literature that high amounts of micromotion at the implant bone interface results in 
the formation of weak fibrous tissue that weakens the interface and hence cause loosening of the 
implant. Low levels of micromotion are said to promote the formation of bone at the interface and 
in  the  porous  coating.  The  levels  of  micromotion  that  cause  these  opposite  effects  have  been 
studied in animals extensively and also in a few clinical studies [7,143,167,170-172]. 
 
In one of the earliest canine studies [173], it was found that micromotions of 150µm resulted in the 
formation of fibrous tissue and micromotions of 28µm or lower resulted in the formation of bone 
tissue. However, it was also noted that the fibrous tissue formed had high collagen content and was 
not weak mechanically and provided stable fixation at the end of a one-year testing period. The 
upper  limit  of  150µm  was  further  confirmed  by  Jasty  et  al.  [7],  when  in  canine  experiments, 
repeated micromotion at this level resulted in the formation of a combination of fibrous tissue and 
bone (figure 2.34). However, the bone formed was not in continuity with the surrounding bone, but 
new bone that had arisen between pores of the coating. This could have been due to the invasion 
and maturation of osteoblastic cells during the initial healing process. The interface was found to be 
mechanically weak. For lower micromotion levels of up to 40µm (ideally 20µm), a stable interface 
with the surrounding bone extending inside the porous coating was observed. Normal patterns of 
bone growth have been observed in implants subjected to 20µm micromotion with fibrocartilage 
formation around the 20-40µm range and fibrous tissue formations in micromotions exceeding 
150µm [143]. The results corroborate well with a human femoral retrieval study in which evidence 
of  good  bone  ingrowth  was  observed  in  only  those  stems  that  displayed  less  than  40µm 
micromotion  when  tested  in-vitro[167].  However,  there  have  been  exceptions.  For  example,  an 
animal study where large micromotions (≈60µm) were evident, still result in the formation of bone 
and not fibrous tissue [168]. Chapter 2                           Literature review 
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Figure 2.34: Bone formation in fibre mesh coatings at 20µm (left) and fibrous tissue/de novo bone 
formation at 150µm (right) micromotion [7]. 
 
The  extent  of  porous  coating  has  also  been  shown  to  influence  micromotion  and  hence  bone 
ingrowth. Retrieval studies have shown that extensively coated implants show more ingrowth not 
only due to the availability of the surface over the whole length of the stem for ingrowth but also 
due  to  the  additional  frictional  interlock  the  implant  can  achieve  with  the  host  bone  [174]. 
However, concerns remain of the stress shielding effects of using such extensively coated stems. 
 
Although  there  have  been  numerous  animal  and  retrieval  studies  to  show  the  influence  of 
micromotion on the stability of the interface, there have been few studies done in silico. Studies 
have dealt indirectly with the deleterious effects of soft tissue formation at the interface and how it 
weakens  the  interface  and  causes  loosening  [175,176].  Other  studies  have  dealt  with  possible 
patterns of bone ingrowth and fibrous tissue based on micromotion [161,177]. The study by Spears 
et al. [161] on an acetabular cup model has shown that micromotion at the interface is dependent 
on the loading activity at the site. It was found for example, that for the slowest mode of gait, the 
maximum micromotion (100µm) occurred at toe-off but for faster modes of gait, it occurred at heel 
strike. This is possibly due to the higher loads during heel strike coupled with faster gait.  Stair 
climbing  was shown to affect micromotion the most. In addition, peripheral regions of the cup 
showed the least amount of micromotion as compared to the polar region. Conclusions cannot be 
drawn from such a model however, without clinical evidence.  
 
Simulations detailing bone ingrowth into porous surfaces have been few, with the only extensive 
work by Andreykiv et al. [161] who simulated the ingrowth process on a glenoid component based 
on  the  amount  of  micromotion  at  the  interface  and  also  the  influence  of  pegs  at  reducing 
micromotions. Cell migration and tissue differentiation at the interface was based on an existing 
algorithm [8]. It was found that maximum micromotion and lowest amounts of bone ingrowth at 
the end of 16 weeks occurred with the design devoid of pegs, which relied entirely on the press fit 
frictional interface. The pegs provided additional support and stability and limited the amount of Chapter 2                           Literature review 
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micromotion hence promoting more ingrowth (figure 2.35). The influence of reducing the stiffness 
of the porous coating also showed increased micromotion with formation of fibrous tissue and 
cartilage in addition to bone.  
 
        
 
Figure 2.35: Bone ingrowth in four different designs for a glenoid component. More bone ingrowth 
was observed in the components with additional stability provided by the pegs [25]. 
 
A similar work using the same algorithm  [178] for a  sintered beaded coating for no particular 
prosthesis,  has  indicated  formation  of  fibrocartilagenous  tissue  at  the  uppermost  layer  of  the 
porous surface for intermediate levels of micromotion (>20µm) as compared to complete ingrowth 
at 5µm micromotion.  
 
The  influence  of  micromotion  can  be  described  as  a  relative  process,  if  initial  micromotion  is 
reduced; bone starts to grow into the porous regions improving the stability of the interface, which 
in turn reduces further motion at the interface. The strength of fixation almost always increases 
over time unless there is poor stability to begin with, hence achieving good primary stability should 
be considered the top priority for a porous coated implant to succeed.  
2.5.3.5  CLINICAL STUDIES RELATING TO POROUS COATED PROSTHESES 
 
The performance of a porous coated prosthesis, as for any other, can be evaluated using either 
scores based on performance and pain, or by  retrieval studies. Periodic radiographs can be an 
indicator of fixation and quality of bone surrounding the prosthesis, but quantifying the amount of 
ingrown tissue can only be done on retrieval or revision. To this end, a number of early implanted 
porous coated implants have been retrieved and studied. The largest clinical data set of sintered 
beads porous coated implants has been investigated by Engh et al. [174] consisting of 3,314 AML 
implants,  partially  and  extensively  coated  and  implanted  in  young  patients  (50-60  years).  The 
results obtained were excellent with over 95% survivorship at 15 years. It was noted that among 
implants  achieving  bone  ingrowth,  there  was  no  incidence  of  loosening.  There  was  very  low Chapter 2                           Literature review 
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occurrence of severe remodelling with the use of these implants. The authors also reiterated the 
importance of initial stability and filling of the bone bed accurately during surgery. Other studies 
have  also  shown  over  95%  success  rates  with  the  sintered  beaded  coating  (S-ROM  and  PCA) 
showing well ingrown surfaces [179,180].  
 
Porous  coated  prostheses  mostly  display  excellent  short-term  stability  and  ingrowth,  but  there 
have also been problems associated with lysis, migration and resorption around the implant in the 
long  term.  Little  et  al.[66]  reported  37%  lysis  and  21%  migration  in  a  series  of  133  PCA 
components after 11 years, although the short-term follow up at 4 years showed good ingrowth 
and stability. The problems were attributed to wear particles from the articulating surface causing 
formation of fibrous tissue rather than failure of osseointegration. The influence of stability and low 
micromotion has also been clearly elucidated by a clinical study on retrieved tibial tray implants, 
with  noticeable  ingrown  bone  tissue  around  the  pegs  and  fibrous  tissue  formation  at  the 
peripheries of the fibre mesh coating [135], which could be explained by the lack of movement 
around the pegs. 
 
From the aforementioned clinical studies, it can be summarised that provided the initial fixation is 
stable and micromotion is prevented at the interface, bone ingrowth will occur and ensure long-
term stability in the absence of other problems such as wear-particle induced osteolysis. Failed 
implants often display poor osseointegration, reflecting the drawback of poor fixation rather than 
failure after bone ingrowth. 
2.5.3.6  MECHANICAL PROBLEMS OF POROUS COATINGS 
 
The  integrity  of  porous  coatings  plays  an  integral  role  in  determining  bone  ingrowth  into  the 
surface,  with  sub  standard  coatings  resulting  in  corrosion  and  particulate  formation  at  the 
interface.  The  problems  of  porous  coatings  are  mainly  mechanical  with  few  instances  of  the 
biological problems associated with mechanical failure. One of the major problems associated with 
metallic  porous  coating  is  the  process  of deposition  of  the  coating  on  the  substrate  metal  that 
weakens the substrate. 
  
There have been reports of the fatigue life of the substrate metal decreasing during sintering due to 
the high temperatures involved, especially with titanium alloy with yield strength reducing from 
625MPa to 200MPa [136]. The size of the particles used during the process also influenced the 
fatigue strength after sintering with smaller particles corresponding to smaller changes in fatigue 
strength. In addition, crack initiation was found to occur at the interface between the coating and 
substrate metal. This could be caused due to high stress concentrations due to irregular geometries 
at the bonding sites of the substrate metal and particles from the coating. These localised stress 
concentrations are referred to as the ‘notch effect’. This could lead to debonding of the particles Chapter 2                           Literature review 
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from the  substrate  and  release  of  metallic  debris  that  might  cause  adverse  tissue  reactions.  In 
sintered beaded coatings, bead separation can also occur as shown in figure 2.36.  
 
                          
 
Figure 2.36: Debris from sintered beaded coatings [181]. 
 
Fragments of plasma sprayed particles have been found in the trabeculae surrounding the implant 
[135]. Corrosion is a possible cause for fractures in porous coatings and should be considered due 
to the large surface area involved. Corrosion behaviour for three different porous coatings with 
different porosities manufactured by sintering has been investigated by Becker et al.[182] and it 
was  found  that  smaller  pore  sizes  increased  corrosion  levels  due  to  increased  concentration 
gradients.  It  was  also  found  that  titanium  alloys  displayed  the  least  corrosive  behaviour  when 
compared to stainless steel and cobalt chrome. The study also concluded that though cobalt chrome 
alloys had higher hardness, titanium alloys could combine high tensile strength and tolerance for 
plastic deformation and should be favoured during fabrication of porous surfaces.  
2.5.3.7  ENHANCING BONE INGROWTH INTO POROUS SURFACES: OSTEOCONDUCTIVE 
COATINGS AND SYSTEMIC FACTORS 
 
Osteoconductive surfaces not only allow bone ingrowth and migration, but also provide a scaffold 
for bone cells to attach and proliferate. Osteoconductive surfaces are normally composed of calcium 
phosphate or bioactive glass compounds. The most commonly used calcium phosphate coatings are 
hydroxyapatite  [Ca10(PO4)6(OH)2]  and  tricalcium  phosphate  [Ca3(PO4)2].  Bioactive  glass  is 
comprised mainly of SiO2, Na2O and CaO and a small percentage of P205.The application of these 
coatings  is  normally  through  pulsed  laser  deposition  process  and  can  be  done  either  on  the 
substrate metal or on an overlying porous coating.   These coatings do not drastically reduce the 
porosity of the coatings as shown in figure 2.37. 
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Figure 2.37: SEM view of a titanium plasma sprayed surface (left) and coated with HA (right). The 
HA coating has not compromised the overall porosity of the surface [183]. 
 
Thin calcium phosphate coatings have been applied to porous titanium implants and have been 
found to induce more bone ingrowth when compared to uncoated porous implants [184]. Similar 
results have also been obtained by Karlsson et al. [185] where rapid bone formation was observed 
on the surfaces of a coated titanium implant when compared to the uncoated version. Long term 
ingrowth issues have been raised [186] with grooved HA coated titanium implants showing higher 
ingrowth when compared to beaded coated titanium at four weeks, but lesser ingrowth overall at 
the end of twelve weeks. The study indicated that the coating only played an important role in the 
initial  ingrowth  of  bone  tissue  and  its  effects  long  term  remained  to  be  explored.  Mechanical 
stability of HA on porous coated surfaces has also been found to be higher than those on grit blasted 
surfaces  with  less  delamination,  indicating  long  term  fixation  stability  with  more  HA  retention 
[187]. 
 
There are no strong effects of HA pore size on ingrowth [188], although a pore size of 300µm has 
been  proposed  to  be  optimal.  A  highly  porous  sponge  shaped  HA  block  was  also  shown  to  be 
rapidly invaded by bone tissue, although its mechanical strength was compromised. The influence 
of micromotion and stability on HA coated implant have also been studied [189], with HA coated 
stems subjected to 500µm micromotions developing a stronger fibrocartilagenous tissue with high 
collagen content around them and uncoated stems developing weak fibrous tissue at the interface. 
HA  has  also  been  shown  to  convert  fibrocartilagenous  tissue  formed  initially  due  to  high 
micromotion  into  bone  in  the  long  term  (figure  2.38)  [183].  This  is  believed  to  be  a  result  of 
endochondral  ossification  of  the  fibrocartilagenous  tissue  that  develops  initially  due  to  poor 
stability.  Clinical  studies  of  HA  coated  titanium  stems  have  mostly  shown  signs  of  excellent 
osteogenic response and osseointegration long term [190], but others have shown no significant 
advantage using HA [191] when compared to uncoated titanium stems, perhaps due to the short 
follow up time. This again would be a contradiction, due to the widely regarded opinion of the HA 
coating encouraging rapid bone ingrowth. HA has also been reported to fill interfacial gaps as large 
as 2 mm that are formed during surgery due to improper preparation of the bone bed [192]. Chapter 2                           Literature review 
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A major concern with the use of osteoconductive coatings is that they possess inadequate shear 
strength and poor bonding with the substrate metal/porous surface, which could result in release 
of debris and third party wear generation at the articulating surfaces. These wear particles could 
further hinder the stability of the fixation by affecting the interface [193]. However, the consensus 
from all the aforementioned studies is that HA does enhance the rate of bone ingrowth, and can be 
used  in  combinations  with  existing  porous  coatings  to  maximise  its  potential.  The  top  three 
cementless hip implants used, according to the national joint register of England and Wales are HA 
coated [75]. 
 
           
(a) 
           
                 (b) 
Figure 2.38: (a) HA coated Ti implant subjected to 150µm micromotion at the end of 4 weeks (left) 
and 12 weeks (right). (b) Titanium plasma sprayed implant at the end of 4 weeks (left) and 12 
weeks (right). While Ti coated implant was surrounded by collagen fibres randomly oriented, HA 
coated shows more organised collagen fibres. At the end of 12 weeks, bone formation in the HA 
coated was clearly visible, but fibrous tissue was still visible for plain Ti implant [183]. 
 
Systemic factors can also affect ingrowth rates. Hormones and growth factors have been known to 
either enhance or inhibit bone formation at the implant site [138]. Transforming growth factor β 
(TGF β) which is known to play an important role in fracture repair has been used successfully to 
enhance the ingrowth process in animal studies [194]. However, studies have also shown that if 
quantities exceed the required dosage, the amount of ingrown tissue is significantly lesser. TGF β 
has  been  reported  to  increase  matrix  synthesis,  chemotaxis,  recruitment  and  proliferation  of Chapter 2                           Literature review 
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osteoprogenitor  cells  and  have  been  successful  in  filling  gaps  and  defects  in  bone  [195].  New 
porous surfaces for better bone ingrowth are constantly being developed and tested [59, 60]. New 
designs have involved the development of surfaces that are closer to the structure and modulus of 
bone for an ideal interface incorporating better stress transfer and ingrowth of bone. 
 
Concerning bone ingrowth, the mechanisms pertaining to it are complex involving mechanical and 
biological factors alike. However, the sequence of events that take place around prostheses, post 
implantation  is  comparable  to  the  process  of  bone  fracture  healing.  The  mechanism  of  bone 
fracture healing is well understood in literature and can be used a template to understand the 
process of ingrowth. A summary of the events that occur in fracture healing is provided in the next 
section that also elucidates the similarities between the two processes. 
 
2.6 FRACTURE HEALING 
 
2.6.1  INTRODUCTION 
 
Bone is unique in the fact that it heals without a scar, and the properties of the original tissue are 
restored, depending on the location and function in the body. However, the processes involved are 
complicated and involve a cascade of events that could continue for several years after the initial 
fracture.    The  processes  can  be  compared  to  those  that  take  place  at  the  growth  plate  during 
development, albeit, on a temporal rather than spatial scale. Fracture healing involves a sequence of 
cellular responses under the influence of different signalling pathways that can be biological or 
mechanical [26,196-201]. 
 
Fracture healing can occur through two pathways, primary or secondary fracture healing. Primary 
fracture healing occurs in rare cases when there is rigid internal fixation and excellent anatomical 
position [26]. In this case, there is no formation of an external callus or cartilage at the region. The 
cortex  tries  to  re-establish  itself  by  regeneration  of  the  haversian  systems  in  the  region.  The 
osteoclasts and osteoblasts resorb and form new bone across the fracture site. New osteons replace 
the old, and blood supply is established. The whole process takes around 5-6 weeks. Secondary 
fracture  healing  is  the  most  common,  considering  the  trauma  and  difficulty  in  achieving  the 
conditions required for primary fracture healing. It involves three basic stages: 
o  Reactive stage 
o  Reparative stage 
o  Regenerative stage 
2.6.2  REACTIVE STAGE 
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The reactive stage occurs from the time of injury, through the stage of induction to the stage of 
inflammation usually lasting up to a week. Following fracture, cells in the surrounding area begin 
signalling  to  need  for  new  bone  formation  at  the  fracture  site  (induction),  which  involves 
recruitment and differentiation of bone forming cells. There are two theories used to explain the 
presence of bone forming cells, one theory reports that periosteal, endosteal and osteocytic cells 
undergo  modulation  to  form  osteoblasts.  The  other  theory  states  that  cells  like  fibroblasts, 
undifferentiated stem cells, muscle cells etc differentiate to form osteoblasts. A parallel process of 
inflammation also takes place at the fracture site at the same time of induction of these cells as soon 
as the fracture occurs. A haematoma is formed at the site due to the  disruption of local blood 
supply. The site becomes acidic and a state of hypoxia exists. The bones at the ends of the fracture 
become necrotic and there is gross disruption of the osteons. Platelets release cytokines that recruit 
different  cells  at  the  site,  osteoclasts  are  activated  and  polymorphs,  mast  cells  and  histiocytes 
appear at the site to clear the debris and dead tissue. Vascular supply begins to re-establish at the 
site with proliferation of fibroblasts to form a loose granular tissue with inter-dispersed cells. 
 
2.6.3  REPARATIVE STAGE 
 
The reparative stage is the main healing stage of the fracture healing process and at the end of this 
stage, the union is complete. It consists of a soft callus and a hard callus stage [202]. In the soft 
callus stage, an internal and external callus is formed and helps stabilize the site. The external collar 
shaped  callus  is  formed  by  the  osteoblastic  activity  at  the  periosteum  and  reaches  maximum 
thickness  around  the  actual  fracture  site  slowly  reducing  in  thickness  in  surrounding  areas.  In 
proximal regions of the callus, osteoblasts deposit new bone directly, but towards the fracture site, 
cartilaginous cells become visible, reaffirming the presence of progenitor cells that differentiate to 
either  of  the  cells  depending  on  the  conditions  at  the  site.  Vascular  supply  increases  and  the 
proliferation of cells at a rapid rate cause a state of relative hypoxia. This condition is considered 
ideal for osteoblastic activity. However, it has also been shown that the presence of hypoxia for 
extended durations can also cause significant delays in fracture healing [197]. New bone deposition 
continues to take place in certain locations and these steps result in the formation of a soft callus 
that is harder than the initial granular tissue formed and helps prevent motion of the fragments. 
The process takes around three-four weeks.  
 
The  hard  callus  stage  converts  the  internal  and  external  callus  to  bone,  through  either 
intramembranous bone deposition in regions of high stability or endochondral ossification. There is 
increased vascularity and cellularity and the state of hypoxia continues. The acidic environment 
becomes neutral and old bone resorption through osteoclastic activity is quickly followed by new 
bone being laid down until the whole of the callus hardens. The hard callus stage lasts until the 
fragments are united with firm bone, at which stage the fracture is said to be clinically healed. The 
hard callus stage could last anywhere between six to twelve weeks. Chapter 2                           Literature review 
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2.6.4  REMODELLING STAGE 
 
The new bone formed continues to harden and is converted entirely to lamellar bone. The process 
results in the restoration of functionality of the bone to the stage before fracture. The processes do 
not differ much from the normal osteoblastic and osteoclastic activities at any other  bone site. 
Osteoclasts  are  continually  at  work  to  resorb  and  remodel  the  external  callus.  Ultimately,  this 
would result in the disappearance of the callus. The internal callus is also resorbed at the same time 
to reconstitute the medullary canal. Vascular supply and oxygen supply return to normalcy. The 
bone becomes functionally and structurally compliant and regains its original shape. The process of 
remodelling starts at the end of the hard callus stage and can last for many years. 
 
2.6.5  FRACTURE HEALING AND BONE INGROWTH 
 
As mentioned before, the series of events during bone ingrowth are very similar to the events in 
fracture healing. Based on literature, the similarities can be explained as follows [5,122]. The events 
pertain to bone healing and deposition around the implant. During preparation of the bone bed for 
implantation, the bone trauma can be compared to the actual fracturing of bone. Haemorrhaging 
results followed by platelet adhesion, activation and degranulation. Cytokines and growth factors 
are also released during the process, which causes osteogenic cells to migrate towards the implant 
surface. The cells migrate through a complex network of fibrin matrix and proteins to the implant 
surface. In contrast to purely fracture healing events, the implant surface characteristics also play a 
big role in the interactions at the interface. Platelet response and protein adhesion are sensitive to 
the surface characteristics with higher adhesion to textured rather than smooth surfaces [203].  
 
The  other  events  following  activation  and  recruitment  remain  the  same,  with  macrophages, 
neutrophils  and  monocytes  involved  in  phagocytosis  of  debris  around  the  implant  site  and  an 
acidic, low oxygen gradient present. The granulation tissue formed is similar to that of fracture 
healing,  with  cascaded  cellular  activity  and  vascularisation  enhancing  cell  migration  and 
proliferation. Fibroblasts synthesise the matrix under cytokine activity that forms the scaffold for 
the proliferating cells and blood vessels. The granulation stage is followed by a stage similar to the 
reparative stage of fracture healing, with the onset of bone formation. Woven bone is formed by 
osteoblasts, by mineralization of the collagenous matrix over the interfacial matrix formed earlier. 
The collagen fibres are randomly arranged and are of low mineral density. The stage lasts until 
about  6  weeks  following  implantation.  Woven  bone  is  then  replaced  by  lamellar  bone  where 
collagen fibres are arranged in parallel layers adjacent to the implant, this gives the implant a rigid 
fixation.  
Remodelling then takes over after approximately 12 weeks and continues through the implantation 
time depending on the mechanical conditions at the site. Bone formation at the implant site occurs Chapter 2                           Literature review 
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through two main mechanisms that act together; distance osteogenesis and contact osteogenesis. 
Distance osteogenesis takes place when damage at the implant site triggers a reparative reaction to 
remove the necrotic bone and replace it with newly formed bone. Contact osteogenesis occurs at 
the surface of the implant and relies on the migration of differentiating cells through the matrix. 
These concurrent activities are critical to the formation of bone on the implant surface. 
 
2.7 MECHANOBIOLOGY 
 
2.7.1  INTRODUCTION 
 
Mechanobiology can be defined as the study of the effects of mechanical or physical conditions on 
regulating  biological  processes  [204].  The  role  of  mechanical  influences  in  regulating  tissue 
differentiation  and  healing  in  bones  are  well-documented  [8,9,23,204-206].  The  concept  of 
mechanobiology, though not in exact terms arose as early as the 1800’s with Roux introducing the 
theory of functional adaptation [207] . According to Roux’s theory, the formation of different types 
of connective tissue is influenced by the mechanical environment. Compression was proposed as 
the stimulus for bone and tension for formation of connective tissue with a combination of the two 
stimuli with relative displacement for cartilage.  
 
 
Figure 2.39: Pauwels’s mechanobiology concept for differentiation of musculoskeletal connective 
tissue [208]. 
 
In  1960,  Pauwels  suggested  that  invariants  of  the  stress  and  strain  tensors  guided  the 
differentiation process in the fracture callus, with distortional strain a stimulus for fibrous tissue 
and  hydrostatic  pressure  and  compression  as  a  stimulus  for  cartilage  formation.  Bone  was Chapter 2                           Literature review 
    67 
postulated to form after stabilization of the mechanical environment by the soft tissues and with 
low magnitudes of strain and hydrostatic stress. The schematic is shown in figure 2.39. Perren then 
followed  on  the  concept  in  1979,  with  his  hypothesis  of  tissue  differentiation  based  on  tissue 
disruption  and  interfragmentary  strain  (figure  2.40).  The  hypothesis  stated  that  if  stresses 
exceeded  the  tissue  strength  or  tissue  elongation  resulted  in  tissue  damage,  the  tissue  would 
change its phenotype such that tissue failure would not occur. The hypothesis focused on strain 
rather  than  stress  as  the  mechanical  stimulation  because  strain  described  the  actual  physical 
phenomenon of tissue elongation. The application of this concept was mainly to describe primary 
and secondary fracture healing.  
 
 
 
    Figure 2.40: Perren’s strain tolerance of the repair tissues [199]. 
 
The concept of mechanobiology can be addressed on four main levels; the molecular, cellular, tissue 
and  organ  levels.  With  specific  application  to  skeletal  mechanobiology,  at  the  organ  level,  the 
mechanical signals can be characterized by the loading history (force, displacement, deformation, 
stiffness  etc).  At  the  tissue  level,  where  it  is  treated  as  a  continuous  material,  the  mechanical 
stimulus is quantified as stress and strain and its variants (pressure, distortion, strain energy etc). 
At the cellular level, signals like cell pressure, inter cell interactions, nutrient supply, temperature 
etc can be identified. Factors that affect the matrix production at the cellular level like oxygen Chapter 2                           Literature review 
    68 
tension and electric potentials are also quantified at the level. The bottom most molecular level is 
perhaps the most important for the study of mechanical signalling. Changes in cell activity are often 
the cause for the molecular signals. Cytoskeleton changes, integrins, growth factors, cytokines, ion 
activities are some of the signals [204]. The four levels and some of the possible mechanical signals 
are summarized below in table 2.2 
 
 
Table 2.2: Mechanobiology at four different levels [204]. 
 
Carter et al [204] cited an excellent example to show the relationship between the levels associated 
with mechanobiology. Considering fracture instability, they noted that this could lead to delayed 
fracture healing. At the tissue level, the instability is associated with increased stress and strain in 
the differentiating tissue and different forces lead to different spatial distributions of stress and 
strain in the tissues. The effect at the cellular level, local tissue stress and strain may cause changes 
in  cell  pressure  or  shape.  At  the  molecular  level,  cell  shape  changes  could  disrupt  the  actin 
cytoskeleton which could cause different protein synthesis and on the organ level, cause delayed 
healing. 
 
 
 
2.7.2  HYPOTHESES AND ALGORITHMS FOR TISSUE DIFFERENTIATION 
 
Algorithms  for  mechano-regulation  of  tissue  differentiation  have  been  developed  based  on  the 
concepts described above. The algorithms have been mostly developed for simulating the process 
   ORGAN           TISSUE    CELLULAR    MOLECULAR 
Force  Stress/Strain  Cell pressure  Cytoskeleton changes 
Displacement 
Hydrostatic 
stress/strain 
Cell shape changes  Stretch activated ions 
Stiffness  Shear stress/strain  Cell-matrix interaction  Integrins 
Failure load  Strain energy density 
Oxygen/nutrient 
supply 
Growth factors 
Loading rate  Fatigue damage  Electric potentials  Cytokines 
Loading history 
Stress  and  strain 
history 
Temperature  Receptors Chapter 2                           Literature review 
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of fracture repair in the long bones; this is especially true for the tibia but can also be extended to 
simulate the process of tissue differentiation around an implant. The mechanisms of formation of 
bone or a fibrous tissue or a combination of both on and around an implant can be explained based 
on these algorithms. Some of the algorithms incorporating mechanical factors in simulating fracture 
healing are discussed. 
2.7.2.1  CARTER AND ASSOCIATES  
 
Carter and associates [23,204,209] developed their hypothesis based on how mechanical loading 
history contributed to skeletal development, but later extended to studying fracture healing of the 
tibia. The hypothesis developed was semi-quantitative, based on intermittent and cyclic stresses at 
the fracture callus, along with vascularity and loading history governing the formation of different 
tissues at the callus. The salient points of the hypothesis as applied to an early callus were: 
1.  A fracture elicits an osteogenic stimulus 
2.  Bone forms if there are minimal cyclic stresses or strains with good blood supply 
3.  High magnitude stresses will encourage tissue proliferation with a larger callus 
4.  High shear and/or tensile hydrostatic stresses encourage fibrous tissue formation 
5.  High compressive hydrostatic stresses encourage chondrogenesis 
6.  If  cartilage  or  fibrocartilage  forms,  cyclic  shear  will  promote  and  compressive 
hydrostatic stresses inhibit endochondral ossification 
 
It was also hypothesized that the loading history was important in governing tissue differentiation 
and that fracture healing followed skeletal morphogenesis; cyclic compressive hydrostatic stresses 
inhibit  or  prevent  ossification  and  cyclic  shear  stresses  encourage  tissue  proliferation  and 
ossification. Based on the hypothesis shown in figure 2.41, the tendency of ossification based on 
dilatational and octahedral stresses were represented by an index called the osteogenic index ‘I’.  
 Chapter 2                           Literature review 
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Figure 2.41: The hypothesis of Carter et al. for formation of different tissues (left) and the stages 
involved under the hypothesis. ‘S’ in the vertical axis represents cyclic octahedral shear stresses 
with dilatational stresses represented in the horizontal axis [23].  
 
 
High index values would represent regions that had the highest chance of ossification with low 
index values representing regions of weaker tissue. The hypothesis was tested on finite element 
models of a fracture callus and the influence of different loads on the index and location in the 
callus was noted. The hypothesis has also been modified and applied in other studies by other 
authors.  For  example,  to  study  tissue  differentiation  at  bone-cement  interfaces  [206],  oblique 
fractures [210] and corroboration and verification with other hypotheses [211,212].  
2.7.2.2  CLAES AND HEIGELE, AND OTHER SINGLE PHASE HYPOTHESIS 
 
Modelling fracture healing through finite element methods have also been carried out by other 
groups like Claes and Heigele [205], who have concentrated on the influence of mechanical stimuli 
on the fracture site regulating tissue differentiation, similar to the hypothesis of Carter et al. but by 
incorporating strain as well as stress as the guiding parameters. Their hypothesis was that new 
bone formation in fracture healing primarily occurred along existing bone and calcified tissue and 
that  the  type  of  bone  formation  depended  on  the  hydrostatic  pressure  and  strain  magnitudes 
brought  about  by  loading.  Like  Carter,  two-dimensional  models  of  a  fracture  callus  were 
constructed, but different stages of healing were modelled by changing the type of tissues formed in 
the callus at each individual stage. Using specified loading conditions, the different stages were then 
studied for stress and strain regions and ossification paths were formulated. The hypothesis based 
on the findings is shown in figure 2.42. Chapter 2                           Literature review 
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Figure 2.42: The hypothesis of Claes and Heigele for formation of different tissues formulated based 
on stress and strain [205]. 
 
To summarise, it was found that intramembranous ossification occurred only at low strains and low 
hydrostatic pressures. A compressive hydrostatic pressure of about 0.15 MPa and 5% surface strain 
was hypothesized to be the critical value that guided the cell differentiation either to an osteoblast 
or a chondrocyte, or that directed the tissue differentiation either to an intramembranous or an 
endochondral ossification. 
 
A similar study was also carried out by Gardner et al.[213], who studied 4 different time points 
during healing, based on radiographic analysis, and comments made on the stress concentrations 
and  inter-fragmentary  forces  (based  on  inter-fragmentary  displacements)  and  their  effects  on 
tissue damage and healing. The same author, in a later study [211] has also reported the influence 
of individual stimuli taken from Carter’s work, namely octahedral and dilatational stresses on the 
ossification of a fracture callus. It was reported that high shear stresses did indeed correspond to 
regions of fibrous tissue, but this was not the case for high tensile dilatational stresses. In addition, 
the osteogenic index was did not fully correspond to regions of ossification in their finite element 
models. Chapter 2                           Literature review 
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Fracture healing studies with a significant cellular component added to the mechanical stimuli in 
finite element models have also been popular. Garcia-Aznar et al. [214] and Gomez-Benito [215] 
have carried out extensive studies on the fracture callus by including cell diffusion, proliferation, 
maturation and death, influenced by the local mechanical stimulus and investigating parameters 
like fracture gap, length, callus geometry and fracture stiffness on the healing patterns. 
2.7.2.3  PRENDERGAST AND ASSOCIATES 
 
Moving away from modelling bone as a linear elastic material, Prendergast et al. [8] developed a 
new hypothesis based on experimental results on implant healing. This hypothesis is based on the 
premise of bone being a poroelastic, biphasic material, consisting of fluid and solid constituents. It 
was hypothesised that the mechanical environment changed in a sufficiently systematic way that 
biophysical stimuli could simulate the replacement of one cell population by another. The previous 
studies aforementioned relied on modelling the regenerating tissue as elastic, which worked well 
for large loads and deformations. However, considering there were significant amounts of fluid in 
the  tissues,  and  cells  responded  to  cell  deformation  and  fluid  flows,  it  was  considered  more 
accurate to model the tissue as poroelastic mixtures of solid and liquid constituents at the cellular 
level. The premise of the hypothesis was that the biomechanical stress acting on the cells would be 
higher  if  the  fluid  flow  was  high,  therefore  deformation  and  fluid  flow  should  be  considered 
together to define the mechanical stimulus on the cell. The hypothesis is shown in figure 2.43. 
 
 
 
Figure 2.43: The hypothesis for tissue differentiation and resorption based on strain and fluid flow 
[8]. 
 
Deformation was represented by octahedral shear strain and the fluid component by fluid velocity. 
The stimulus for differentiation was given by the stimulus ‘S’ defined as 
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Equation 3 
 
Where   = octahedral shear strain;  = fluid velocity; a, b = empirical constants 
 
Bone was simulated to form if S < 1; fibrocartilagenous tissue if S > 1 and S < 3 and fibrous tissue if 
S  >  3.  The  hypothesis  has  been  successfully  employed  extensively  to  simulate  fracture  healing 
[20,22,164,216-218]and also tissue differentiation around implants [164,219] by incorporating the 
hypothesis  in  a  iterative  algorithm.    One  of  the  earliest  applications  of  the  hypothesis  in  an 
algorithm to simulate fracture healing in its entirety rather than model different healing stages as 
done by predecessors was by Lacroix et al. [220]. Cell migration was included through a diffusion 
equation, and the biophysical stimulus calculated was used to update material properties of the 
tissues  for  the  next  iteration.  Different  parameters  like  the  effect  of  loading,  gap  size,  external 
fixators have also been studied by the author using the same hypothesis [217,218]. The hypothesis 
has  also  found  use  in  the  simulation  of  repair  of  osteochondral  defects  [221,222].  Concerning 
simulating tissue differentiation around implants, the hypothesis has been used in two-dimensional 
studies for studying different glenoid component designs [164] and a porous coating [219] but has 
not been employed for simulating tissue differentiation around a hip or knee implant in  three-
dimensional models. 
2.7.2.4  COMPARATIVE STUDIES OF DIFFERENT HYPOTHESES 
 
Comparative  studies  investigating  different  hypotheses  and  their  efficacy  in  simulating  fracture 
healing have been carried out by a few authors [22,212,223]. Isaksson et al. [22,212] compared the 
hypotheses of Carter et al., Claes and Heigele and Prendergast et al. using models of a standard long 
bone fracture. The qualitative hypothesis of Carter was modified by incorporating values for the 
stress components by employing a parametric study and comparing it to realistic fracture healing, 
to  make  it  quantitative.  The  author  noted  that  all  of  the  hypotheses  when  used  in  the  same 
algorithm could simulate fracture healing successfully, but with different levels of accuracy. The 
hypothesis regulated by the mechanical constituents like stress and strain (Carter et al., Claes and 
Heigele) were found to not adequately represent healing when the fracture was subjected to high 
torsional loads. Only the hypothesis of Prendergast et al could simulate this successfully and also 
simulate  resorption  of  the  callus  due  to  the  presence  of  the  resorptive  component  in  their 
hypothesis. In addition, Isaksson et al., also studied the effects of individual stimuli like deviatoric 
strain, fluid velocity, and pore pressure and commented that none of the volumetric components 
were able to predict healing accurately. However, deviatoric strain could be used still be used as a 
S
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standalone factor to regulate tissue differentiation, reinforced by the results that closely matched 
the results obtained by Prendergast et al. 
 
Epari et al. [223] compared the hypotheses of Perren, Claes and Heigele and Prendergast et al in a 
non  iterative  fracture  model  to  study  the  differences  in  mechanical  conditions  produced  by 
intrafragmentary shear and torsion to those produced by axial forces. In addition, individual stimuli 
in each of the hypothesis were also studied for their role in the initial mechanical environment in a 
callus.  The  author  reported  that  using  only  deformation,  fibrous  tissue  would  result  in  the 
immediate fracture gap, surrounded by cartilage. This was consistent for all three hypotheses and 
for axial, shear or torsional forces. Pressure and fluid flow individually simulated the formation of 
only bone for shear and torsion, grossly overestimating the results. Deformation with pressure or 
fluid  flow  was  consistent  across  the  hypothesis  using  these  parameters  by  simulating  large 
presence of cartilage in the callus with fibrous tissue formation in the fracture gap between the 
bone. Overall, the initial tissue formation was dominated by the deformation stimulus more than 
the deviatoric components, which agrees well with the findings of Isaksson et al.  
 
An  important  question  to  consider  would  be  the  choice  of  hypothesis  to  simulate  tissue 
differentiation  around  implants.  Considering  the  deformation  stimulus  is  a  significant  factor  in 
regulating the type of tissue formed at the interface, it would be imperative that this stimulus be 
included in any hypothesis to simulate tissue differentiation in particular as well. This would not 
pose a problem as all of the hypotheses reviewed have this stimulus as a contributing factor. The 
use of biological factors like the role of cells and systemic factors remain a concern. With fracture 
healing,  which  has  been  widely  researched,  simulating  cellular  factors  would  be  justified  by 
comparisons to clinical and other studies. Although the rates of cellular proliferation, maturation 
and apoptosis cannot be determined to accuracy, good estimates have been determined by these 
studies. However, with tissue differentiation and osseointegration, this would not be pertinent due 
to the lack of specific literature regarding cellular activity at the implant site. In this scenario, it was 
found apt to exclude any cellular activity to the hypothesis.   
 
As aforementioned, the basic premise of all hypotheses considered remain the same, and have been 
shown to not differ significantly from each other barring few loading scenarios and the level of 
complexity modelled. It was found apt that the governing hypothesis to be used be simple, well 
established and easy to implement and at the same time allowing modifications to be made easily. It 
was therefore decided to employ the hypothesis of Carter as a template, with further modifications 
done  to  convert  the  otherwise  qualitative  hypothesis  to  a  quantitative  one.  A  more  detailed 
explanation on the hypothesis and modifications done is presented in following chapter.                                              
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CHAPTER 3   
 
GENERAL METHODOLOGY 
 
This section  explains the formulation of two different methods and their  respective algorithms 
based on the original hypothesis. 
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3.1 INTRODUCTION 
 
As explained in the preceding chapter, with regards to fracture healing, all of the hypotheses could 
simulate fracture healing successfully.  The underlying premise involved in each of the hypotheses 
is  the  same,  with  high  degrees  of  distortional  stress  or  strain  hindering  osseointegration  and 
promoting the formation of fibrous tissue. High levels of deviatoric stress and strain would promote 
cartilage formation if compressive, and fibrous tissue  if tensile. Low deviatoric and dilatational 
components would be essential to encourage bone formation. The complexities associated with the 
hypotheses put forth have  been varied, with  both, monophasic and biphasic modelling used  to 
simulate  the  process.    If  extending  the  concept  to  tissue  differentiation  around  implants,  the 
requirement would be slightly different to those applicable to fracture healing.  
 
Fracture healing has been well studied in animal and human models with cellular activities closely 
monitored and replicated in silico. The same does not apply to tissue formation around implants, 
especially in humans as the source of progenitor cells would be limited to the rich bone marrow 
and no sources outside of this region. In contrast, for fracture healing, the source of cells that invade 
the  callus  is  varied.  Other  than  the  marrow,  the  surrounding  musculature,  blood  and  the 
periosteum are important sources for these cells. In the absence of literature on cell activity at the 
implant site, which includes recruitment, proliferation and death, it was decided to exclude cellular 
phenomenon  from  the  models.  In  addition,  a  purely  monophasic  model  was  considered  to  be 
adequate for the simulations. It has been shown that the predictive nature of these hypotheses are 
not compromised by assuming tissues to be linear elastic as opposed to poroelastic, encompassing 
solid and liquid phases  [1]. Considering these factors,  the hypothesis chosen to simulate tissue 
differentiation  in  the  current  model  was  based  on  the  hypothesis  proposed  by  Carter  et  al.  to 
explain fracture healing. The algorithm was originally semi quantitative, with no actual formation of 
different tissues and used to describe regions where bone formation was most likely based on 
stress  components.  The  algorithm  was  modified  to  include  a  quantitative  module  that  could 
determine  specific  tissue  type  formed.  The  original  hypothesis  with  the  modified  algorithm 
developed is explained in the following sections. 
 
3.2 THE ORIGINAL HYPOTHESIS 
 
According to the model proposed by Carter, intermittent and cyclic stresses, along with vascularity, 
governed tissue differentiation. Bone was considered to form if minimal cyclic stresses or strains, 
deviatoric or dilatational, existed at the region along with good blood supply. High shear and/or 
tensile hydrostatic stresses encouraged fibrous tissue formation with high compressive hydrostatic 
stresses encouraging chondrogenesis. Once cartilage or fibrocartilage formed, cyclic shear would 
then  promote  endochondral  ossification  with  compressive  hydrostatic  stresses  inhibiting  the 
process. Under poor vascularity, only fibrous tissue would form, and mechanical signals would have 
no significance. In addition to these basic rules, the entire process also depended on the loading                     
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history at the location. The loading activities over a period of time was decomposed into histograms 
of  load  histories  that  consisted  of  ‘i’  discrete  loading  conditions  (i=  1,  2,  3,  ......,  c)  that  were 
associated with ni cycles of load applications per day. The tendency for ossification was expressed 
as the osteogenic index ‘I’, dependent on the peak cyclic deviatoric (S) and dilatational (D) stresses 
defined as, 
 
   
2 2 2
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Equation 4 
1 2 3
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Equation 5 
 
 
Using the stress states (S, D) and decomposing the loading history at the location over time, the 
osteogenic index I was then defined as, 
 
1 I =  S +KD
c
i i i i n  
     Equation 6 
 
 
 
The osteogenic index ‘I’ represented the tendency of ossification over a particular region. A high 
index  would  mean  the  region  was  conducive  to  bone  formation  and  a  low  value  denoted  the 
tendency to form fibrous tissue. The emphasis, according to Carter et al., was not on the rate of 
formation of ‘I’, but on the distribution of and the regions where ‘I’ was high. The value of ‘K’ was 
determined  by  investigating  different  values  and  choosing  the  value  that  closely  matched  with 
clinical results.  
 
3.3 MODIFICATIONS TO THE HYPOTHESIS 
 
The hypothesis of Carter et al. by itself was qualitative, with no actual formation of bone or any 
other tissue simulated in the original work. The ossification index ‘I’ represented regions of the 
callus which had high or low tendency to form bone. Since the regions of bone, cartilage or fibrous 
tissue were not delineated to specific values, a new method would have to be developed to simulate                     
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the  formation  of  different  tissues  using  the  osteogenic  index.  Moreover,  to  simulate  tissue 
differentiation at the interface over time, including the change of one tissue type to another, an 
iterative procedure would be necessary, which was also absent. These important changes were 
incorporated into two modified algorithms. Each of the modified algorithms is explained  below 
with reference to the finite element models that will be explained in the individual chapters. 
 
3.3.1  METHOD 1 
 
In  this  method,  used  as  a  precursor  to  a  more  descriptive  method  explained  later,  the  main 
assumption was that the three main tissue types, bone, fibrous tissue and cartilage had an equal 
opportunity to form in each iteration. This was carried out to delineate the hypothesis into three 
separate regions representing bone, cartilage or fibrous tissue for iterative implementation in the 
form of an algorithm. Due to specific values for dilatational and deviatoric stress components being 
absent  in  the  original  hypothesis,  the  delineation  of  the  regions  in  this  way  was  found  to  be 
reasonable. In the finite element models in which the algorithm was implemented, as will be shown 
in  the  following  chapters,  the  focus  was  on  simulating  tissue  differentiation  in  a  thin  layer  of 
granulation tissue surrounding the implant or in the pores of the porous coating. This was a direct 
analogy of the transformation of granulation tissue found in the gaps during fracture healing.  The 
granulation tissue would differentiate into one of three tissue types depending on the osteogenic 
index ‘I’, defined by the stress components. It was assumed that there was excellent blood supply at 
the site, hence enabling bone formation. The specific steps involved in the algorithm can be further 
explained as follows: 
 
Step 1: Import model and define region of interest (granulation tissue) 
 
Step 2: Define array of elements corresponding to granulation tissue [1, 2,..., en] 
 
Step 3: Apply Loading case L (i=1, 2, 3,..., c) for specific number of cycles ‘n’ as per equation 6 
 
Step 4: For each L ( ), calculate and record values of stress components for each element in the 
array defined;   Deviatoric S [1, 2,..., en] and Dilatational D [1, 2,..., en] 
 
Step 5: Calculate Osteogenic Index ‘I’ for every element in the array using corresponding deviatoric 
and dilatational values as per equation 6 
 
Step 6: Sort values of I obtained in ascending order and divide values into 3 regions, [I low], [I med] 
and  [I high] such that number of elements in each group is the same. 
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Step 7: Temporarily assign material property, Young’s modulus E of bone, cartilage and fibrous 
tissue to the elements of the three delineated regions E [I low] E fibrous; E [I med]E cartilage; 
E [I high] E bone 
 
Step 8: Check conformation to other rules set forth in the hypothesis based on S [1, 2,..., en] and              
D [1,2,..., en]  
 
1.  FOR any e in [I low],  
IF D [e] = compressive 
Change E [e] E cartilage  
 
2.  Monitor e in [I med] for S, D status 
IF e in [I med] = compressive D 
Keep E [e] = E cartilage 
ELSE IF e in [I med] = cyclic S  
Change E [e] E bone 
 
3.  FOR any e in [I med], 
IF D [e] =low tensile 
Change E [e] E bone 
 
4.  FOR any e in [I high], 
IF S [e], D[e] = high 
Change E [e] E fibrous 
 
Step 9: After assigning permanent material properties E for all tissues based on step 8, iterate over 
next loading cycle with existing boundary constraints till tissue stabilisation 
 
The steps aforementioned summarise the implementation of the modification of the hypothesis 
carried out in some of the case studies presented in the thesis. The basic premise was to delineate 
the values of the index obtained for the elements in the granulation tissue defined, governed by the 
local stress states such that there was an equal chance for all three tissue types to form. Based on 
the original hypothesis where high values of ‘I’ corresponded to regions of bone formation and low 
values representing fibrous tissue, the three regions were assigned the material properties of bone, 
cartilage or fibrous tissue. In addition, additional constraints, as reflected in step 8, were put forth: 
 
o  No element experiencing compressive dilatational stress would be categorised as 
fibrous tissue 
o  Elements with high shear were to be classified as fibrous tissue                     
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o  No  element  experiencing  tensile  dilatational  stress  would  be  categorised  as 
cartilage tissue 
o  If cartilage tissue formed, a log was kept on the stress state of the element; with 
low  cyclic  shear  forming  bone  and  repeated  compressive  dilatational  stresses 
maintain the tissue as cartilage. 
o  Bone was not allowed to form if either of the deviatoric or dilatational values was 
extremely high 
 
The rules were set out so as to avoid any discrepancy with the hypothesis and to avoid index values 
in the proximity of the delineations being categorised into the wrong tissue type. These rules would 
also ensure that the hypothesis holds good at every iteration. Therefore, based on the values of the 
index obtained and the additional checks carried out across all the elements in the granulation 
tissue, the elements were assigned the final material properties of either of the three tissue types. 
With the updated material properties, the next iteration was carried out and the process repeated 
for  the  remainder  of  the  iterations  proceeding  to  tissue  stabilisation.  Although  the  delineation 
scheme would be an approximation and values that lay in between would have to be demarcated 
into one of the three tissue types, the idea was to provide a gross region of bone, cartilage or fibrous 
tissue,  concentrating  on  the  regions  that  were  more  conducive  to  bone  formation  than  others. 
Demarcation into the three regions would ensure index values that lay well within the boundaries 
would not present problems into being categorised into a specific tissue type and the additional 
rules employed ensuring values near the boundaries would also be categorised accurately. 
 
The rationale behind this particular method would still follow the essential conditions of bone, 
cartilage  or  fibrous  tissue  formation  as  chartered  out  by  Carter’s  hypothesis.  This  modification 
enabled a quantified tissue differentiation in the otherwise qualitative algorithm. As part of the 
iterative solution to monitor tissue change through every cycle, the values of  the  index  were 
constantly updated  through every iteration for the  designated  number  of  loading cases and the 
number of cycles  that  were  input,  and  material  properties  were  updated accordingly to the 
three defined tissue types.  For example, the iterative procedure was carried on until a defined 
number of iterations were completed or there was less than a 5% change in tissue type between 
two successive iterations in the elements of the tissue layer. The number of set  iterations was  
always  kept  high  to  avoid  premature  termination   of  the  simulation  in case  the number  of  
cycles  were  completed  and  there  was  still  more  than  5%  tissue  change  at  every iteration.  
Thus  almost  always,  the  iterations  stopped  at  the  less  than  5%  tissue  change criterion rather 
than the completion of the maximum number of iterations.  
 
3.3.2  METHOD 2 
 
Method 1 provided a rough delineation scheme, assigning the index values obtained to one of the 
three tissue types. Although the method was effective in simulating gross tissue formation, the lack                     
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of intermediate  tissue  types  formed  could  be  a  limitation.  Given  the  range  of tissue  types  that 
granulation tissue could transform to, a new method was devised to not only reflect the range of 
values obtained for the index in every iteration, but also try and accommodate more tissue types in 
the  simulations.  In  this  method,  a  better  technique  was  devised  to  map  the  osteogenic  index 
obtained in each of the iterations to different tissues. The steps involved in this method were the 
same as method 1 until step 5, after which a mapping scheme was implemented to assign material 
properties to the indices. 
 
Step 6: Create an array of known Young’s modulus, obtained from literature ranging from fibrous 
tissue to mature bone. For example, E [fibrous,.. fibrocartilage,...,cartilage,..., immature 
bone,..., mature bone] 
 
Step 7:  Assign material properties of bone and fibrous tissue to the elements of the highest and 
lowest index respectively. E [I low]  E fibrous and E [I highest] E mature bone 
 
Step  8:  Use  boundaries  obtained  from  the  previous  method  to  assign  values  for  intermediate 
tissues such as E cartilage and E immature bone  
 
Step 9: Use linear interpolation functions between reference values to obtain material properties  
corresponding to other indices; i.e. to find young’s modulus of a tissue E tissue, Interpolate 
between  corresponding  index  value  I  tissue,    and  closest  known  index  and  material 
properties. For example, if known material properties are E1 and E2 with corresponding 
index values I1 and I2, E tissue can be calculated by 
    –  
 
Step 10: With aforementioned steps carried out till all of the update Young’s modulus has been 
assigned for all of the elements in the granulation tissue layer E [1, 2,..., en] 
 
Step 11: Map index values stored to corresponding material properties calculated, for example 
[E [I  low],...., E [I  x1]...., E [I  x2]...., E [I  x3]...., E [I  highest]] [E  fibrous, ...., E  fibrocartilage, ....,                 
E cartilage, ...., E immature bone, ...., E mature bone] 
 
Step 12: Update material properties and iterate over next loading cycle with existing boundary 
constraints till tissue stabilisation 
 
The aforementioned steps summarise the implementation of a mapping scheme to quantify the 
hypothesis and presented in some of the case studies undertaken in the thesis. The values obtained 
for the index from every element was sorted in increasing order and mapped on to the elastic 
moduli of commonly referenced tissue types in literature, ranging from the lowest, fibrous tissue to                     
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cartilage, immature and fully mature bone, which was assigned the highest possible osteogenic 
index. The values for the tissues that lay in between were assigned by interpolating between the 
values assigned for these tissue types. By arranging the elastic moduli in equal segments depending 
on the number of osteogenic index values obtained, each of the index values could be mapped on to 
corresponding elastic moduli. Keeping elastic modulii values of known tissue types as reference 
points would enable properties to be assigned for other tissues that lay in between. In addition, the 
values were assigned such that under no condition was a low index ‘I’ mapped on to a stronger 
tissue type like immature or mature bone. The maximum elastic modulus assigned for the highest 
index was that of mature bone, 20GPa. The lowest possible modulus for the lowest index was that 
of fibrous tissue, starting at 2MPa. Due to the mapping scheme involved, a range of elastic modulii 
were assigned to each of the tissues, with any elastic modulii over 6000MPa assigned to mature 
bone, between 1000 and 6000MPa as immature bone, cartilage tissue between 10 and 1000MPa 
and fibrous tissue from 2 to a maximum of 10MPa.  
 
This modification would allow a range of tissues to be mapped to the osteogenic index obtained in 
every  loading  cycle.  It  would  also  enable  the  properties  to  be  updated  iteratively  so  as  to 
progressively monitor the type of tissues formed in every iteration. This was continued the same 
way as described in the method 1, till there was less than 5% tissue change between two successive 
iterations, relating to tissue stabilisation and equilibrium if attained.  In addition, an upper limit on 
the number of iterations was also set so as to prevent premature end to the iterations before the 
less than 5% tissue change criteria was met. 
 
Both methods described have been employed in chapter 4 to show the subtle differences that exist 
between the two methodologies. Method 2 gives a more realistic distribution of tissues through the 
iterations, rather than limiting to only three types that method 1 provides. However, it has to be 
noted that both methods provide comparable results, and differ only in their complexities and the 
amount  of detail  in  the  type  of tissues  formed.  Each  of the  case  studies  presented  as  chapters 
henceforth provide more detailed information on the steps involved in implementing the methods. 
The case studies presented differ in their modelling complexities and applications, and exhibit the 
accuracy of the methods when corroborated with literature. 
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CHAPTER 4   
 
TISSUE DIFFERENTIATION IN SHORT 
STEMMED UNCEMENTED IMPLANTS AND THE 
INFLUENCE OF DESIGN FEATURES 
 
 
The research carried out in this chapter has been presented in parts, or completely in the following 
conference papers and journals: 
 
  Puthumanapully P.K., New A.M., Browne M. (2009) “Osseointegration of a short stemmed 
femoral prosthesis as predicted by a mechanoregulatory algorithm” Proceedings of the 
55th annual meeting of the Orthopaedic Research Society. 
 
  Puthumanapully  P.K.,  New  A.M.,  Browne  M.  (2009)  “Do  size  and  shape  matter? 
Osseointegration  in  a  short  stemmed  femoral  prosthesis  as  predicted  by  a 
mechanoregulatory  algorithm”  Proceedings  of  the  22nd  annual  congress  of  the 
International Society for Technology in Arthroplasty (ISTA). 
 
  Puthumanapully P.K., New A.M., Browne M. (2010) “Design influences of a short-stemmed 
and long-stemmed uncemented implant on tissue  differentiation at the interface: A 
computational study based on a mechanoregulatory hypothesis” Proceedings of the 9th 
international symposium of computer methods in biomechanics and biomedical engineering 
(CMBBE). 
 
  Puthumanapully P.K., Browne M. (2009) “Tissue differentiation around a short stemmed 
metaphyseal loading implant employing a modified mechanoregulatory algorithm- a 
finite element study” Journal of Orthopaedic Research (In Press). 
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4.1 INTRODUCTION 
 
Uncemented implants have traditionally been larger and bulkier than their cemented counterparts 
due to the fit and fill principle they employ to achieve a stable initial fit with the surrounding bone. 
Classic  designs  have  included  a  long,  well  rounded  stem  that  engages  the  endosteum  of  the 
proximal diaphysis, with the surface coating on the implant providing a strong frictional interlock. 
The proximal part of the implant, and its role for providing stable fixation was often overlooked due 
to the emphasis on the reproducible, distal fixation of the implant. While this rationale was not 
totally without evidence and results [167,225], there have been a number of problems that have 
been reported due to the inherent bulkiness of uncemented implants or the principle of diaphyseal 
fixation for long term stability. The occurrence of thigh pain after surgery has been reported, with 
the  tight diaphyseal fit, hypertrophy of surrounding bone and impingement of the implant tip on 
the bone cited as possible causes  [87,134]. Implant revision presents another problem, with a risk 
of  fracture  and  difficulty  in  the  removal  of  the  implant.  In  addition,  the  large  amount  of  bone 
removed  for  implantation  remains  a  worry  for  future  revision.  However,  the  most  important 
concern is the problem of stress shielding [226,227]. Distal fixation, compounded by poor proximal 
fixation and the presence of a stiff stem reduces bone strain in the proximal femur, channeling loads 
to the diaphysis of the femur. This results in bone remodelling and gradual atrophy of bone in the 
proximal femur through time, which could result in gross instability of the implant, causing and 
aggravating existing symptoms like pain, further loosening, dislocation,  limited ROM to name a few. 
Torsional  stability  has  also  been  an  issue,  with  distal  fixation  alone  found  to  be  inadequate  in 
preventing torsional motion of the implant within the canal [228].  
 
Given these potential shortcomings, recent designs have focused on engaging the proximal femur, 
especially  the  metaphyseal  region,  more  effectively,  avoiding  the  detrimental  effects  of  stress 
shielding and limiting torsion. It has been shown that a proximally fixed femoral implant can reduce 
the  incidence  of  stress  shielding  [229].  Moreover,  it  has  also  been  found  that  once  adequate 
proximal fixation was achieved, the distal stem was no longer necessary for stability [230]. Older 
long stemmed implants, in an effort to engage the proximal femur have also restricted the use of the 
porous coating to only the proximal regions as opposed to being fully coated, but does not eliminate 
the long stem, which can still result in diaphyseal load transfer and a return of associated problems. 
The new school of thought is to eliminate this by either using the stem for only alignment purposes 
or completely removing or shortening the stem to avoid any diaphyseal contact.  Newer designs 
have  been  manufactured  based  on  this  design  philosophy  and  have  been  the  focus  of  intense 
research  in  the  last  10-15  years.  For  example,  the  IPS  (Depuy  International,  Leeds,  UK)  is  a 
stemmed  metaphyseal  loading  uncemented  implant  that  uses  the  stem  only  as  a  guiding  and 
alignment tool and not to provide any distal fixation.  An offshoot of this design rationale has been 
the development of conservative (bone preserving) metaphyseal loading implants, which preserves 
bone stock by the avoidance (stemless) or reduction of stem length (short-stemmed) and loads the 
metaphysis of the proximal femur. They aim to replicate near anatomic loading of the medial cortex Chapter 4                     Tissue Differentiation in Short Stemmed Implants 
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with little or no contact with the diaphysis. In addition, they also engage the large cancellous bone 
bed in the proximal femur, with its high vascularity that could assist in more rapid osseointegration 
of the implant.  
 
             
(a)      (b)      (c)      (d)      (e) 
Figure 4.1: Radiographs showing some of the popular conservative implants (a) thrust plate 
prosthesis (b) Silent hip (c) Mayo hip (d) Fitmore hip (e) IPS. 
 
Bone conservative implants have a three-fold purpose as listed by d’Imporzano et al [231], namely  
1.  Availability of bone for possible revisions 
2.  Proximal load to prevent stress shielding and thigh pain 
3.  Restoration of the native hip joint biomechanics 
These implants would be ideal for the young patient, where bone quality is good and the cancellous 
bed in the proximal femur providing adequate fixation strength when implanted. They also provide 
the option of using a standard long stem implant if a revision is needed due to the bone stock 
preserved.  Some  of  these  conservative  implants  (figure  4.1)  include  the  fully  neck  preserving 
Thrust Plate Prosthesis (Centerpulse, Winterthur, Switzerland) and the Silent Hip (DePuy, Warsaw, 
USA).  Variants like the lower neck cut, distal support prostheses like the Mayo conservative hip 
(Zimmer, Warsaw, USA), the ESKA femoral neck endoprosthesis (ESKA implants, Lubeck, Germany), 
the  Metha  (Bbraun, Melsungen,  Germany),  Fitmore  hip (Zimmer,  Switzerland)  and  Nanos  (Plus 
orthopaedics, Aarau, Switzerland) prostheses and the purely metaphyseal loading prostheses like 
the IPS and the Proxima (DePuy; Leeds, UK).  
 
Conservative stems are only now being used clinically after years of research and is a relatively 
unknown  commodity  in  terms  of  functional  performance  and  longevity  as  it  would  require  a 
minimum of 10-15 years to truly gauge the implant. Considering there have been no large scale 
retrieval  studies  conducted  for  these  implants  and  the  lack  of  substantive  clinical  data, 
computational methods can be applied to give an indicator of the prospective performance of such 
implants.  However,  at  present,  this  is  limited,  especially  in  the  predictive  modeling  of  tissue 
differentiation and ingrowth around these implants. The type of tissue formed in response to the 
implant  at  the  interface  could  determine  the  longevity  and  performance  of  the  implant  itself. Chapter 4                     Tissue Differentiation in Short Stemmed Implants 
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Clearly, implant design is a contributing factor to this and needs to be investigated. For the focus of 
the current study, one of the more popular short stemmed implant, the Proxima is considered.  
 
4.1.1  THE PROXIMA IMPLANT 
 
The  Proxima,  aptly  named  due  to  its  novel  stemless  design  to  load  the  proximal  femur,  is  a 
conservative, metaphyseal loading implant that has a prominent lateral flare designed to conform 
to  the  lateral  aspect  of  the  proximal  femur.  Although  the  implant  has  a  medial  flare,  it  is  less 
pronounced and is not the distinguishing feature of the implant. Manufactured  from titanium alloy, 
it    is  anatomically  shaped  with  an  anteverted  neck  and  a  12/14  taper    [130].  The  design  is  a 
combination of two design philosophies originating from the lateral flare of the IPS, and the custom 
made Santori short stem  [232].  
 
                              
 
Figure 4.2: The Proxima (left) and the metaphyseal seating of the implant as seen in a radiograph 
(right). Note the lines depicting positioning of the lateral and medial flares on the proximal femur. 
 
The Proxima, as aforementioned, is designed to have a very pronounced lateral flare and a very 
high femoral neck cut, producing a wedging effect between the proximal medial femur and lateral 
metaphysis that prevents distal migration and subsidence of the implant [132]. Rotational and axial 
stability is provided primarily by the anatomic shape and correct sizing of the implant. The implant 
is porous coated and has two versions; a standard porocoat, sintered beaded coating and a ridged 
“ZTT”  surface.  Both  versions  incorporate  a  thin  layer  of  hydroxyapatite  for  encouraging  bone 
ingrowth. The Proxima and a radiograph depicting the seating of the implant is shown in figure 4.2. 
 
 
4.2 AIM Chapter 4                     Tissue Differentiation in Short Stemmed Implants 
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To  study  the  behavior  of  the  conservative  implant  Proxima,  and  its  design  features  on  tissue 
differentiation  and  bone  ingrowth  around  the  implant  using  the  modified  mechanoregulatory 
algorithm.  This  is  carried  out  in  two  sections.  The  first  section  deals  with  general  tissue 
differentiation around the implant. The second section focuses on a specific design feature, that of 
the influence of the prominent lateral flare, carried out by comparing it to a flare-less model. 
 
4.3 METHODOLOGY 
 
The technique used to simulate tissue differentiation around the implant was to combine finite 
element models of the implant and surrounding bone with the methodology described in Chapter 3 
employing  simplified  loading  and  boundary  conditions.  For  this  study,  both  versions  of  the 
modified hypothesis and algorithm were employed for comparison. The individual steps involved 
are described below. 
 
4.3.1  GEOMETRIC AND FINITE ELEMENT MODELS 
 
Macroscale modelling of the tissue differentiation around the implant was carried out in several 
steps. The first step involved creating geometries and components to be used in the study. The main 
components of the study; geometries of the femur, the implant and the tissue layer at the interface 
were either obtained from existing files or from constructed from CT scans.  
4.3.1.1  THE PROXIMA IMPLANT 
 
The  geometry  and  solid  model  of  the  implant  was  obtained  from  DePuy  (DePuy  International, 
Leeds, UK). The implant was then scaled for size to fit the femur used in the study using solid body 
operations in Rhinoceros (Robert McNeel & associates, Seattle, UK). The solid model of the implant 
is shown in figure 4.3. 
 
An important point to note was that the coating, neither the porocoat nor the ZTT surface was 
modelled on the implant. The focus of the study was to determine tissue differentiation around the 
implant as a whole rather than specifically the coating itself. In addition, the computational expense 
required to include the coating would be very high and the level of detail beyond what was aimed to 
be simulated. 
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Figure 4.3: The model of the proxima used in the study. 
 
4.3.1.2  FEMUR 
 
The geometry of the femur was obtained from computer tomography (CT) scans of a 43 year old 
male with an estimated height of 1.73m and weight of 75kg based on a BMI of 28. The length of the 
femur was measured at 463mm, and the scan resolution was 0.781mm with a slice thickness of 
2mm. Segmentation and reconstruction of the scans were done in Amira (Visage Imaging, Berlin, 
Germany) to produce the final solid model of the femur. Considering the size of the implant in 
question, it was decided to only include the proximal part of the femur for computational ease. The 
femur was cut at a distance of 60mm from the tip of the implant for this study after implantation. A 
schematic of the construction of the solid model of the femur from CT scans is shown in figure 4.4. 
 
 
Figure 4.4: A schematic of the steps involved in producing the solid model of the femur used in the 
study. CT scans of the femur were segmented and reconstructed using the software to form the final 
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4.3.1.3  TISSUE LAYER 
 
Implantation of the prosthesis and the corresponding osteotomy was performed in the software 
Rhinoceros(Robert  McNeel  & associates,  Seattle,  USA).  The  osteotomy  plane  and  seating  of the 
implant in the created implant bed was kept as close as possible to actual surgical procedures. It 
was not possible to follow the roundabout technique for implantation of the process [233], but the 
final positioning of the Proxima along with the high neck cut and the wedge on the lateral and 
medial flare replicated the final operative condition. Because the implant geometry was oversized, 
it was scaled to be of optimum fit in the femur and compared to radiographs to ensure size and 
positioning were accurate. The implant occupied a major portion of the proximal epiphysis and 
metaphyseal regions. 
 
An additional healing tissue, i.e. granulation tissue layer, was also created around the implant. This 
granulation  tissue  over  time,  depending  on  the  mechanical  conditions  at  the  implant  site  then 
differentiates to form a host of tissues. The chain of events that occurs in fracture healing explained 
in chapter 2 can be used for comparison. It has been found that immediately after surgery; the 
necrotic  bone  surrounding  the  implant  begins  to  resorb  and  is  replaced  by  granulation  tissue 
resulting in minimal direct-bone implant contact. Most of the stability is provided by this healing 
tissue  and  its  interaction  with  the  implant  surface  [155].  In  the  absence  of  any  direct  contact 
between  implant  and  bone,  and  to  simulate  tissue  differentiation  around  the  implant,  it  was 
decided to subject this healing tissue to tissue differentiation, a process that would normally occur 
in  addition  to  changes  in  the  surrounding  bone.    Other  authors  like  Keaveny  et  al  [234]  have 
previously used a no tension, frictional interface with emphasis on micromotion to simulate various 
interface conditions and their implications on the long term biomechanical effects of ingrowth but 
have not provided an iterative, changing interface to simulate interface behaviour. With predictive 
modelling  at  the  interface,  the  evolution  of different  tissues  as  regions  around  the  implant  get 
weaker or stronger can be shown. 
 
The thickness of the layer surrounding the implant was made on an assumption of the thickness of 
what would otherwise be a 3 layer porous coating of 250 micron diameter beads that the Proxima 
normally employs and would be filled with granulation tissue. Even though the beads haven’t been 
modelled  in  this  case,  this  was  considered  to  be  a  reasonable  assumption  as  a  start  point.  In 
addition, other studies have used a maximum thickness of 1mm for simulating fibrous tissue layer 
surrounding the implant [177,235]. Granulation tissue is comparable to fibrous tissue used in these 
studies and a 750 micron thick layer was also a conservative assumption based on this. 
 
The construction of the tissue layer was carried out by uniformly exploding the geometry of the 
implant that was in contact with the proximal bone by 0.750mm in all directions. The implant 
geometry was then subtracted from the newly created tissue block to produce a 0.750mm uniform Chapter 4                     Tissue Differentiation in Short Stemmed Implants 
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hollow layer into which the implant could be fit without the formation of any gaps. This additional 
layer was then subtracted  from the  original implant  gap in the  bone to accommodate the  new 
dimensions,  resulting  in  three  separate  components,  namely,  the  osteotomised  bone,  the  tissue 
layer and the implant (figure 4.5). The whole assembly consisting of the bone, tissue layer and the 
implant was then exported for meshing.  
 
 
  (a)                                             (b)                                      (c)                                        (d) 
 
Figure 4.5: Solid models of the components used in the study (a) osteotomised bone (b) tissue layer 
(c) tissue layer enveloping the implant and (d) the complete assembly. 
 
4.3.2  FINITE ELEMENT MESH 
 
The next step in the process after obtaining the solid models was to mesh the components. This was 
carried out in Ansys ICEM (Ansys Inc, Canonsburg, PA, USA). All parts of the assembly were then 
checked for faults in geometry and subsequently repaired and meshed together.  Element size to be 
used was determined by exploring different mesh configurations, and the resultant effect on the 
osteogenic  index  obtained  after  a  single  iteration  of implementing  the  modified  algorithm.  The 
decision to use the osteogenic index as opposed to the more conventionally used stress and strain 
values  for  the  mesh  convergence  study  was  based  on  the  emphasis  being  solely  on  the  tissue 
differentiation  in  the  layer.  In addition,  due  to  the  nature  of  granulation  tissue  as  a  compliant 
surface, stress or strain values by themselves would not be an appropriate parameter to consider.  
 
A number of combinations of different mesh sizes and densities were investigated and a visual 
inspection of the regions of high and low osteogenic index were noted and compared across the Chapter 4                     Tissue Differentiation in Short Stemmed Implants 
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models along with the computational time needed to finish the ten iterations. Ten iterations, with 
each iteration  corresponding to 100 cycles of normal walking and stair climbing would allow a 
good  portion  of  a  specific  tissue  type  to  form  and  be  easily  compared  across  the  models.  The 
different element sizes investigated for convergence and index distribution in the tissue layer are 
shown in table 4.1. 
 
Max, Min - element size   Total number of elements 
2, 0.2  1,332,177 
2, 0.5  286,288 
3, 0.2  1,058,645 
3, 0.5  273,080 
4, 0.2  960,571 
4, 0.5  55,522 
 
Table 4.1: Different mesh densities investigated for mesh convergence. 
 
It was found that there were no significant differences in the patterns of index obtained in the 
tissue layer for all of the configurations tested (see appendix B) However, computing times for the 
finer meshes were high, and in the event of near similar patterns across the models, it was decided 
to use the 4, 0.5 configuration for the remainder of the analysis.  
 
 
                  (a)                   (b)        (c)       (d)          (e) 
Figure 4.6: Finite element models of (a) bone (b) tissue layer (c) implant (d) tissue layer enveloping 
the implant and (e) complete assembly. 
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Volume meshes were then generated for each of the parts and were in the degenerate form of 4-
node tetrahedral elements. The model consisted of 55,522 elements and 10,872 nodes. The meshed 
components are shown in figure 4.6.  
 
4.3.3  MATERIAL PROPERTIES 
 
The  material  property  assigned  to  bone  is  an  important  parameter  in  the  current  study. 
Considering an interface tissue is modelled between the implant and bone, the local stiffness of the 
bone would influence the way the tissue responds to mechanical stimuli and hence regulate tissue 
differentiation. Hence it was important that a standard set stiffness not be used for the whole of 
bone and element specific properties be assigned instead. Therefore, the material properties of 
bone were applied using BONEMAT [19], developed at the University of Bologna, Italy. BONEMAT 
relates a 3D finite element mesh to the bone radiographic density (Hounsfield units, HU) available 
from the corresponding CT data set. The BONEMAT routine  then assigns an elastic modulus to each 
element based on the apparent bone density on the corresponding element location on the CT data 
set using a nonlinear  relationship [236].  In this  fashion,  every  element in the bone mesh was 
assigned  a  material  property  number  and  values  for  density  and  elastic  modulus.  A  standard 
Poisson’s ratio of 0.3 was set for all the bone elements. The elastic moduli assigned to bone after the 
procedure is shown in figure 4.7, along with the seating of the implant. 
 
 
Figure 4.7: Elastic moduli (MPa) assigned to bone after implementing the BONEMAT routine. Note 
that the implant is shown for reference and its material property is not represented. 
 
The Proxima implant is manufactured from Ti alloy, so an elastic modulus of 110GPa and Poisson’s 
ratio of 0.3 was assumed. The granulation tissue surrounding the implant was also assumed to be 
linear, elastic and isotropic. Granulation and other tissues surrounding the implant were assumed Chapter 4                     Tissue Differentiation in Short Stemmed Implants 
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to be linear, elastic and isotropic in keeping with the literature [216-218]. It should be noted that 
since the current study employs both of the modified hypothesis and algorithm, one employing set 
values  and  the  other  mapping  a  range  of  values,  the  material  properties  used  were  adjusted 
accordingly. For example,  employing method 1 would  imply using set  elastic moduli values for 
bone, cartilage and fibrous tissue.  As long as the elastic moduli differed significantly from each 
other, it would not affect the result of the simulation due to only three types of tissues formed and 
the clear demarcation of each type. However, for method 2, a range of tissue types would have to be 
mapped and the list of material properties used for this is shown in table 4.2.  
 
                             PROPERTY 
TISSUE 
ELASTIC MODULUS 
 
POISSON’S RATIO 
 
Femur  CT derived element specific  0.3 
Granulation tissue  1  0.17 
Fibrous tissue  >2 to ~10  0.17 
Cartilage  >10 to ~1000  0.17 
Immature bone  >1000 to ~6000  0.3 
Mature bone  > ~6000  0.3 
Table 4.2: Material properties assigned to different tissues based on values obtained from literature 
[216-218]. 
 
4.3.4  BOUNDARY CONDITIONS AND LOADING 
 
The boundary conditions assigned were simplified, with the distal part of the proximal femur fully 
constrained in all directions. At the interface, the granulation tissue layer was assumed to be fully 
bonded  to  the  implant  and  the  bone.  Granulation  tissue  was  assumed  to  be  a  compliant  and 
conforming layer formed in the space, adhering to surfaces well [219]. Experimental work that has 
simulated fibrous tissue using a 1mm layer of silicone [235] was used as the underlying concept for 
representing granulation tissue in this way. Further, in computational studies pertaining to fracture 
healing, granulation tissue formed in the callus space and that later transformed to other tissue 
types, had similar assumptions [20,218]. 
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Figure 4.8: The muscles, along with their attachment points and their corresponding forces used in 
the study [18]. 
 
Loading and direction vectors of the muscle forces in the femur were based on the data reported by 
Bergmann et al [18].  Both normal walking loads and stair climbing loads were considered for an 
individual weighing 75 kilograms.  Only the maximum contact force in each of these two load cases 
was used. The list of muscles and their corresponding forces are shown in figure 4.8. Due to the use 
of only the proximal femur in the simulation, none of the muscles attaching beyond the mid-distal 
femur were included. The forces were applied by selecting a group of nodes within a 3mm diameter 
patch around each specific attachment point and dividing the force equally among this set of nodes.  
 
4.3.5  IMPLEMENTATION 
 
As aforementioned, the emphasis of this study was to predict the change in the tissue layer between 
the implant and bone. The elements of the tissue layer were initially assigned granulation tissue 
properties and depending on the mechanical stimuli, i.e. the osteogenic index calculated for the 
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    95 
method  used.  Using  method  1  would  eventually  form  one  of  the  three  tissue  types  for  every 
element and method 2 would provide a more smooth distribution, with intermediate tissue values 
represented as well.  Stair climbing and normal walking were considered as two separate load cases 
and assumed to occur in equal proportion per iteration at an average of 100 steps a day. This was 
carried out primarily until what was defined as tissue stabilization; when there was less than 5% 
change between two successive iterations for elements in the model. An additional safety constraint 
on the number of iterations was also set, albeit very high, that assumed tissue stabilization would 
always occur through tissue convergence. A flowchart of the steps involved is shown in figure 4.9. 
 
With  regards  to  the  hypothesis,  the  value  of  ‘K’  to  be  used  in  the  simulation  needed  to  be 
determined. In the original study by Carter, this was carried out by a parametric study of different K 
values  and  comparisons  to  clinical  data  to  determine  which  value  of  K  would  be  the  closest 
representation.  A similar approach was taken in the current study with a parametric study of K 
values, ranging from 0 to 3 in intervals of 0.5 for a single load case of normal walking run until 
tissue stabilisation. While in the original hypothesis, a comparison could be made to actual fracture 
healing studies; it would be extremely difficult in the current study due to the absence of large scale 
follow up studies on the implant. Therefore, the value of K was based on tissue convergence and a 
comparison to another metaphyseal fixing porous coated implant (The IPS). The IPS design, which 
is a conservative implant with a stem for purely alignment purposes, also incorporates a lateral 
flare,  although  not as  pronounced  as  the  Proxima.  The  Proxima  was  an  offshoot  of this  design 
philosophy. The IPS has been used longer than the Proxima and is more clinically well documented 
in comparison. By comparing the results obtained for different K values for the Proxima and the 
IPS,  it  would  be  possible  to  decide  on  a  value  to  use  for  the  remainder  of  the  simulations.  A 
comparative view of both implants is shown in appendix C.  
 
Whilst the determination of K through this comparison may not be entirely accurate, it was found 
to be a reasonable condition in the absence of relevant literature to determine the value  of K. 
Moreover, it has been shown previously that the deviatoric components are more influential in 
regulating tissue differentiation at the interface when compared to the dilatational components 
[22]. Since K is the constant value that applies to the dilatational component, small changes in the 
value  of  K  would  not  be  the  most  contributing  factor  to  the  tissue  differentiation  around  the 
implant. The results are mostly presented visually, due to the emphasis on determining the regions 
of bone formation around the implant.  
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Figure 4.9: Flowchart describing the steps involved in the process of simulating tissue change in the 
interfacial layer. 
 
4.4 RESULTS 
 
4.4.1  SELECTION OF K VALUE 
 
Selected results, for values of K=1, 2 and 3 based on method 1 are presented in figure 4.10. It was 
found reasonable that method 1 be used for obtaining the gross formation of tissues rather than the 
detailed description provided by method 2. Method 1 is also quicker to implement than method 2. 
However, both methods have been implemented for the remainder of the simulations as presented 
in the later sections. The results obtained for some of the K values were in contrast to others. The 
tissues formed for K=1 were sporadic and inconsistent with no defined pattern in the formation of 
any one type of tissue. This was also observed for values of 0.5 and 1.5. Patterns obtained for values 
of K=2 till K=3 were more comparable. However, in the case of K=3, the results were inconsistent 
with patches of tissue formed in the proximal regions of the implant which was found to be not 
consistent with patterns found in radiographic data obtained for the IPS [237]. 
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Figure 4.10: Tissue formation for different K values at stabilisation for a single load case of normal 
walking. 
 
With respect to the transformation of granulation tissue, all K values produced a very similar trend. 
At the start and the initial few cycles, the majority of the tissue type formed was fibrous, with 
limited amounts of bone and cartilage formation. However, as the iterations progressed, there was Chapter 4                     Tissue Differentiation in Short Stemmed Implants 
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a distinct increase in the amount of bone formed. The value of K=2 was chosen for the remainder of 
the analyses as it provided the most stable solution for tissue convergence and when compared to 
the IPS, a realistic distribution  of the different  tissue types around the implant. A comparative 
figure of the chosen K value against the osseointegration found in the IPS from literature [237-239] 
is shown in appendix C. This was found to be a reasonable assumption considering the lack of 
clinical data relating to the implant and its behaviour long term. It is worth noting that the value of 
K used matched the value chosen in the original hypothesis by Carter et al. in the finite element 
analysis simulating fracture healing. 
 
4.4.2  RESULTS OBTAINED FOR METHOD 1 AND METHOD 2  
 
At the start of the iterations, all of the tissue is granulation tissue, (see Chapter 3). Granulation 
tissue  then  differentiates  as  the  iterations  progress.  In  method  1,  considering  the  tissue  type 
changed between fibrous, cartilage and bone and no other tissues in between, the majority of the 
tissue type formed was fibrous, extending around the implant and enveloping it completely. There 
was no bone formation during the initial stages and very little presence of cartilage tissue (~10%).  
 
 
 
Figure 4.11: The change in tissue type through the iterations using method 1. 
 
Cartilage tissue increases in the next few iterations to a maximum of 25% volume of occupied 
tissue. Bone formation does not start until past the 5th iteration, around the distal regions of the 
implant  and  occupies  around  8%  of the  tissue  layer.  As  the  iterations  progress,  the  regions  of 
cartilage tissue are gradually replaced by bone, reducing to around 20% (figure 4.11).  
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Figure 4.12: Tissue differentiation using method 1 through different stages in the iterations 
showing four different views of the interface tissue for each stage. 
The fibrous tissue occupying the proximal regions does not vary much, with the majority of the 
change seen in the decrease in cartilage and a corresponding increase in bone tissue through the 
iterations, until stabilization. However, this is mainly due to the change in the mid regions of the 
tissue  layer,  where  fibrous  tissue  is  more  inclined  to  change  to  cartilage  and  eventually,  bone.  Chapter 4                     Tissue Differentiation in Short Stemmed Implants 
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Figure  4.12  shows  tissue  change  through  the  iterations,  progressing  to  stabilisation.  Bone 
formation  is  seen  in  the  distal  regions  of  the  implant,  mostly  below  the  lateral  flare.  Cartilage 
continues to decrease and occupies very little of the interface at stabilisation (8%). 
 
The data presented in figure 4.12 shows the actual change in tissue type as tissue differentiation 
proceeds. The percentage of bone tissue increases steadily after the 5th iteration to occupy over 
30% of the interface at stabilisation.  Bone occupies the distal anterior, posterior, lateral and medial 
regions  of the  layer.  The  amount  of fibrous  tissue  decreases  through  the  iterations,  but  not as 
rapidly as cartilage tissue. There is a 20% drop in the amount of fibrous tissue at the end of the 
iterations, but the tissue still occupies most of the proximal regions of the implant, presenting a 
weak interface proximally.  However, the presence of bone and the small percentage of cartilage in 
the distal regions of the implant could provide stability to the implant. 
 
The results obtained by implementing method 2 (figure 4.13) do not differ significantly from the 
results of method 1 barring better description of tissue formation at the interface. During the initial 
stages, only fibrous tissue formation is dominant occupying the whole of the tissue space, with 
cartilage appearing around iteration 5 in the distal regions of the implant. Tissues start to become 
more stable around iteration 10 with signs of bone formation, replacing the original regions of 
cartilage  formation.  Immature  bone  formation  is  present  in  the  distal-anterior  regions  of  the 
implant and the anteromedial regions. Cartilage tissue further occupies the surrounding areas of 
the newly formed bone, paving a route for mature bone formation over existing immature bone. 
This process continues with immature bone replacing cartilage tissue and mature bone replacing 
immature bone as the surrounding tissues become more stabilised.  
 
At complete tissue stabilisation, immature and mature bone occupies most of the distal regions of 
the implant in the anterior, posterior, medial and lateral aspects. Bone formation is found more in 
the posterior aspects of the implant compared to the anterior regions. Cartilage tissue is limited at 
tissue stabilisation, having been replaced by bone formation. Cartilage occupies the mid regions of 
the implant, serving as a boundary between the fibrous tissue formed proximally, and bone distally. 
Fibrous tissue formation is consistent in the proximal regions of the implant through the iterations 
without change. As shown in method 1, most of the decrease in fibrous tissue is accounted for in the 
regions under the lateral flare.  
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Figure 4.13: Tissue differentiation using method 2 through different stages in the iterations 
showing four different views of the interface tissue for each stage. 
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Figure 4.14: The change in tissue stiffness from the start to stabilisation for three specific locations 
a, b and c in the tissue layer. 
 
Tissue stiffness changes at varied rates at different locations in the tissue layer. At some locations, 
in the tissue layer, there is not much change in tissue type and only small stiffness changes within a 
specific tissue. For example in figure 4.14, which shows the change in tissue stiffness at 3 specific 
locations  in  the  anterior  regions  around  the  implant,  there  is  no  cartilage  or  bone  formation 
through the course of the iterations until stabilization in the superior region of the tissue marked 
‘a’. The location remains fibrous, with stiffness changes well within the elastic moduli boundaries 
defined for fibrous tissue. Chapter 4                     Tissue Differentiation in Short Stemmed Implants 
    103 
 
At location b, a smoother transition is seen, with cartilage formation towards the 10th iteration, 
followed by immature bone that gradually stiffens to form mature bone as the iterations progress. 
The stiffness increases until the maximum stiffness of 20GPa is achieved and is maintained till 
stabilization, where less than 5% tissue change between successive iterations occurs. A more rapid 
formation of immature bone is seen in location c, where fibrous tissue is present only for the first 
few iterations, followed by rapid formation of cartilage tissue and immature bone. The stiffness 
increases steadily and mature bone formation occurs around the 14th iteration, compared to the 
19th  iteration  in  location  b.  Although  the  iterations  don’t  represent  an  actual  temporal  scale  of 
tissue formation, the number of iterations taken to reach each stage is important, and the distal 
regions clearly stabilise quicker than the mid-proximal regions of the tissue layer. This could have 
implications on the stability of the implant. 
 
4.5 DISCUSSION 
 
In the current study, tissue differentiation around the novel and existing short stemmed implant, 
(the Proxima) is predicted and discussed. The general trend observed using the two methods is a 
large region of fibrous tissue proximally, with bone in the distal regions of the implant. This agrees 
well  with  the  only  documented  large  scale  study  conducted  on  the  behaviour  of  the  implant 
[131,132].  In a clinical follow up after 5 years on average, endosteal spot welds were common, with 
bone bridging in the distal regions of the implant in the majority of the implants. This agrees very 
well with the results obtained in the current study, with most of the bone formation in the same 
region.  
 
The regions of tissue formation an also be classified on the basis of Gruen zones. Gruen zones have 
often been used to describe bone remodelling changes around an implant [97], this can be extended 
to describe tissue differentiation as well . Modified Gruen zones have been adapted for the implant 
in the absence of a stem [130]; Gruen zones 3 and 5 which would represent the lateral and medial 
sides of an implant normally, have been excluded. The zones 1,2,4,6 and 7 are used to describe the 
regions around the implant as shown in figure 4.15. If the results obtained using both methods are 
categorized through these Gruen zones, the majority of the regions of bone formation are zones 2 
and 6 with a halo pedestal formation around the tip of the implant. Most of the implants in the 
clinical follow up have had bone formation on both sides but have also included cases where only 
the  lateral  side  has  ingrowth.  This  again  agrees  well  with  the  current  study  where  more  bone 
formation is predicted in the lateral side of the implant rather than the medial side. 
 
The clinical study also presented evidence of bone ingrowth under the lateral flare in around 20% 
of the cases and this was also observed in the current study. The original hypothesis predicted 
fibrous tissue formation around the tensile regions of the implant; the presence of bone on the 
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location balancing out the tensile forces. The inclusion of this factor is important as it has been 
shown that Koch’s model [240] of regions of tensile and compressive stresses acting on the femur 
are not accurate due to the non inclusion of muscle forces in the original model [241]. The large 
fibrous tissue presence (~60%) in regions above the lateral flare was anticipated due to the muscle 
attachment  points  promoting  high  stresses  in  the  region.  This  was  also  evident  from  the 
radiographs  obtained  in  the  Proxima  study,  where  in  the  few  cases  of  loosening,  the  proximal 
regions of the implant near the greater trochanter were the main failure regions. Although this was 
primarily  related  to  stress  shielding  and  bone  wasting  in  the  region,  the  presence  of  a  weak 
interface due to the development of fibrous tissue at the interface in these regions cannot be ruled 
out; indeed, Carter, in his study, had hypothesized that even a few cycles of high stresses in the 
region would result in the formation of fibrous tissue [23].  
 
 
 
Figure 4.15: Adapted Gruen zones for the Proxima (left) and the corresponding regions as applied 
to the results obtained in the study. 
 
Another point to note was the presence of cartilage tissue which is later replaced by bone. This 
would  be  logical  as  healing  would  proceed  in  the  direction  of  the  stronger  tissues  as  shown 
previously [20,22,212]. Bone gradually replaces cartilage as the major tissue type distally, further 
strengthening  the  interface  under  the  lateral  flare.  The  stiffness  of  the  surrounding  bone 
influencing tissue differentiation is also important. On careful observation it can be seen that the 
regions of bone formation correspond directly to the regions where the surrounding bone is stiffer. 
Fibrous  tissue  formation  occurs  where  the  surrounding  bone  is  less  stiff  compared  to  regions 
where there is bone formation, in this case, the proximal regions. Dual energy X-ray absorptiometry 
(DEXA), which measures bone mineral density (BMD) has also been used to study the Proxima 
[233,242]. The findings of the study showed that in zones 2 and 4 the BMD values were superior to 
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cartilage tissue has been predicted to form in the current model. In addition, bone bridging or 
pedestal formation was reported; a finding supported by the current study.  
 
4.5.1  INFLUENCE OF THE LATERAL FLARE 
 
The influence of the lateral flare in the design would appear to be important given the significant 
bone formation below this region. The lateral flare has been well documented to provide more 
proximal loading due to the seating of the flare on the lateral cortex of the femur; this feature also 
provides  good  stability  to  the  implant  and  reduces  the  incidence  of  migration  and  subsidence 
[237,239,242]. This is clearly shown by the formation of the stronger tissues in and around the 
region (figure 4.16). Even during early iterations, the presence of stronger tissues such as bone and 
cartilage  is  evident,  due  to  the  better  circumferential  stress  transfer  to  the  surrounding  bone 
through the region.  The proximal region of the implant, although lying on the cancellous bed, is 
influenced by the strong abductor forces and the hip contact force acting on the head of the implant, 
which gives rise to high compressive and tensile stresses, accounting for the presence of fibrous 
tissue here.   
 
 
Figure 4.16: Radiographic evidence of osseointegration in the distal regions of the implant, under 
the lateral flare from the study by Santori et al. (left) [132] compared to the results using method 1 
(centre) and method 2 (right). Note the regions of bone formation are identical. 
 
Primary  stability  is  an  important  factor  for  cementless  implants,  especially  for  short  stemmed 
implants.  Due  to the  absence  of a  stem  and  distal  fixation,  subsidence  and  migration  remain  a 
concern. The Proxima, resting in the metaphysis in the cancellous bed requires good quality bone in 
the  region  to  avoid  the  aforementioned  problems.  Micromotion,  which  also  governs  tissue 
differentiation,  but  has  not  been  investigated  in  the  study,  is  also  heavily  dependent  on  the 
positioning and quality of the bony bed. In a cadaveric study by Westphal et al. [243], it has been Chapter 4                     Tissue Differentiation in Short Stemmed Implants 
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found although the overall cyclic motion of the Proxima is lower than other long stemmed implants 
considered in the study, it is essential that good quality bone and the correct sizing of the implant 
be used depending on the size of the femur it is implanted in. In this study, sizing and seating of the 
implant was carried out to the best ability based on the instructions provided for the implant. The 
seating of the implant was in the cancellous bed that had stiffer properties just under the calcar 
regions of the femur, explaining the formation of bone in the region. 
 
Although  the  prediction  of  ingrowth  around  the  Proxima  was  consistent  with  clinical  data,  the 
study as its limitations. Primarily, the role of biological factors is not modelled in the study due to 
the lack of literature on local cellular activity. In addition, the number of muscles included was 
based on simplified data and only peak forces for normal walking and stair climbing were included. 
An accurate model for simulating the post operative healing period would have to include different 
points in the gait cycle for each of these activities in addition to more muscle forces. It would also be 
highly  beneficial  to  add  a  temporal,  time  dependent  aspect  to  the  algorithm  and  simulations. 
Moreover,  the  influence  of  micromotion  is  not  studied  due  to  an  interfacial  tissue  layer  being 
modelled. Micromotion as a tool to regulate or determine tissue differentiation at the interface 
would be pertinent if there was a direct contact model between the implant and the surrounding 
bone, which is not the scenario being modelled in the study. Due to the presence of the compliant 
tissue layer between the implant and bone, micromotion values obtained would not be an accurate 
representation of the behaviour of the implant with the surrounding bone. 
 
Notwithstanding the above issues, the present model has predicted bone formation mainly in the 
regions under the lateral flare. The corroboration with clinical data available on the implant is 
encouraging and suggests that the proposed model could form a suitable basis for more advanced 
models. The proximal part of the implant was largely covered with fibrous tissue throughout the 
process and at tissue stabilization. Bone formation was restricted to the distal regions under the 
flare and would suggest that this particular design aspect plays a large role in regulating bone 
formation in the region. To investigate if this is indeed the case, additional studies on a similar 
design without the lateral flare would be necessary. A comparative study of the Proxima with and 
without the flare is presented in the next section, (section 4.6). Since bone formation was rapid, and 
seen  even  during  the  initial  stages,  this  could  mean  that  the  implant  is  stabilized  early  by  the 
formation  of  bone  and  cartilage  at  the  distal  and  mid  regions  around  the  implant.  Although 
proximal regions of the implant appear not be osseointegrated, the distal fixation obtained could 
still provide enough stability to the implant and prevent implant migration and subsidence. 
 
4.6 INFLUENCE OF THE LATERAL FLARE ON TISSUE 
DIFFERENTIATION 
 Chapter 4                     Tissue Differentiation in Short Stemmed Implants 
    107 
4.6.1  INTRODUCTION 
 
Conventional  uncemented  implants  have  typically  relied  on  long  stemmed,  diaphysis  engaging 
designs that have had a number of concerns associated with their use.  For example, thigh pain 
[134], subsidence, aseptic loosening [244] and insufficient proximal loading, leading to proximal 
bone atrophy due to stress shielding that can have adverse effects on the long term stability of the 
implant [74]. Recent uncemented implant designs have attempted to address these issues; one such 
design improvement has been the inclusion of the lateral flare that seeks to load the proximal femur 
better than conventional uncemented implants The traditional Koch model of the mechanics of the 
hip loading associated tensile forces on the superior neck and proximal lateral three quarters of the 
femoral shaft, and compressive forces on the distal lateral and entire medial femoral surfaces [240]. 
The inclusion of a lateral flare that rests on the metaphyseal region of the femur has developed 
from an updated biomechanical model developed by Fetto et al. [241] that also includes soft tissue 
influences on femoral loading. The inclusion of the ilio-tibial band and the gluteus medius-vastus 
lateralis complex as dynamic tension bands along the lateral aspect of the lower limb subjects the 
lateral femur to compressive rather than tensile forces during unilateral stance. If this is indeed the 
case, the femoral component would have to be designed to load the lateral side of the femur in 
addition to the medial side in the metaphyseal regions. 
 
The incorporation of a lateral flare feature designed to load the lateral cortex, below the greater 
trochanter of the metaphysis, could assist transmission of loads to the proximal femur by plugging 
the region, providing more stability and minimising distal stress transfer [245]. The presence of the 
lateral flare on the implant has also been shown to produce strains close to anatomic strains in the 
femur [246]. Some of the more recently developed implants that have used the lateral flare and 
have  shown  promising  short  term  results  in  terms  of  stability  with  minimal  migration  and 
subsidence have been the Proxima, IPS, Revelation, and FMS anatomic stems [237,238,247].  
 
Although the short term results obtained from implants with this specific design feature suggest 
that stability and proximal loading is indeed better than implants without the flare, there have not 
been  any  computational  studies  investigating  if  the  presence  of  the  lateral  flare  alters  tissue 
differentiation at the interface and if there is any benefit of incorporating the flare specifically for 
osseointegration. In the absence of any long term clinical data for these implants, computational 
methods can be employed to predict the biomechanical response to this implant. In the current 
study, the short stemmed Proxima implant, described in the previous chapter, is considered. The 
implant has been investigated for changes in tissue differentiation if the prominent lateral flare that 
it employs for stability and proximal femur loading is absent. 
4.6.2  AIM 
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The  study  aims  to investigate  the  influence  of the  lateral  flare  feature  on  tissue  differentiation 
around  the  short  stemmed  Proxima  implant.  To  achieve  this,  the  tissue  response  to  the  flared 
implant is compared to that of the same implant with a conventional straight lateral aspect. 
 
4.6.3  METHODOLOGY 
 
The steps involved in simulating tissue differentiation for the non flared Proxima was similar to 
those described for the conventional one, explained in detail in section 4.3. The most significant 
difference in the model creation process for the non flared Proxima was the removal of the lateral 
flare.  This  was  carried  out  through  solid  model  operations  in  Rhinoceros  (Robert  McNeel  & 
associates, Seattle, USA), using a plane perpendicular to the lateral flare; splitting and removing the 
flare at the shoulder level of the implant. This resulted in a shape that conventional uncemented 
implants employ, with a straight lateral side as shown in figure 4.17. 
 
 
 
Figure 4.17: The Proxima implant without the lateral flare. Note the straight lateral aspect of the 
implant (arrowed). 
 
After the non-flared Proxima was created, it was then implanted into the femur in the same or as 
close a position as the flared Proxima. This was carried out by maintaining the placement of the 
medial flare in both models. Other operations pertaining to implantation, for example, the femoral 
neck cut used and implant sizing were also kept the same as the flared Proxima.  A tissue layer of 
thickness 0.750mm surrounding the implant was created through solid body operations similar to 
the previous study. The proximal femur used for the flared Proxima was used in the current study 
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After the models were created, they were then meshed in Ansys ICEM (Ansys Inc, Canonsburg, PA, 
USA).  Considering the only difference in the models was the absence of the lateral flare and to 
maintain  similarity  to  the  mesh  used  for  the  flared  model,  a  mesh  convergence  study  was  not 
conducted. The models were  meshed using the final  element sizes used for the  flared Proxima 
study, i.e. maximum and minimum values of 4 and 0.5 respectively. The finite element mesh of the 
implant with the surrounding tissue layer is shown in figure 4.18.  
 
 
 
Figure 4.18: The finite element mesh of the implant and the surrounding tissue layer. 
 
The  finite  element  meshes  were  then  exported  to  Ansys  (Ansys  Inc,  Canonsburg,  PA,  USA)  for 
implementation of the modified algorithm explained in chapter 3. However, for the current study, 
only method 2 was employed as it provided more detailed tissue formation around the implant. The 
value of K, loading and boundary conditions remained the same as that described in the previous 
chapter  and  the  algorithm  was  carried  out  using  the  same  termination  criteria  defined  for  the 
original study. Material properties assigned to the individual components were kept the same with 
CT derived material properties used for the  proximal  femur. Tissue differentiation through the 
iterations  was  monitored  until  stabilisation  and  the  results  obtained  were  compared  to  those 
obtained for the flared Proxima. 
 
 
4.6.4  RESULTS 
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In the absence of a flare, there was more fibrous tissue and less bone formation through all of the 
iterations around the implant. Bone formation was very slow as the iterations progressed and was 
sparse around the implant. Even at the start of the iterations, tissue conversion to cartilage and 
bone was limited compared to the flared model.  Figure 4.19 shows the early tissue formation for 
both models (5 iterations). Although bone formation had not commenced in either case, it is clear 
that the formation of cartilage is more prominent and visible in the flared Proxima. The tissue 
accounted for around 25% as opposed to only 10% formation for the non flared Proxima. For the 
non flared Proxima, the location of the cartilage tissue formed was restricted to the distal postero-
medial side.  
 
In sharp contrast, for the flared Proxima, cartilage tissue formation  was also seen in the distal 
posterior and antero-medial and lateral sides of the tissue layer. The regions corresponding to the 
flare and immediately under the flare were still mostly populated with fibrous tissue in both cases. 
Fibrous tissue occupied more of the tissue space when the flare was absent, (around 90%) when 
compared to the flared Proxima, which had only 75% of the tissue space occupied by fibrous tissue. 
 
 
Figure 4.19: Comparison of the tissues formed after 5 iterations for both models. 
 
As tissue differentiation proceeded, more cartilage and immature bone formation was seen for both 
models. After 10 iterations, as seen in figure 4.20, cartilage formation was prominent in the distal Chapter 4                     Tissue Differentiation in Short Stemmed Implants 
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regions  of  the  implant.  However,  immature  bone  formation  was  very  limited  and  was  not  as 
pronounced when compared to the flared Proxima. The flared Proxima also showed immature bone 
and early stages of mature bone formation in regions directly under the flare which was absent for 
the non flared Proxima. The distal aspects of the flared Proxima were found to be already stabilized 
through the formation of immature bone whereas cartilage tissue occupied the same regions for the 
non flared Proxima. A common observation for both models was that fibrous tissue began to recede 
and reduce in percentage, but was more pronounced for the flared Proxima. Cartilage tissue was 
also slowly replaced by immature bone tissue at this stage and observed in both models. 
 
 
 
Figure 4.20: Comparison of the tissues formed after 10 iterations for both models. 
 
The most notable difference in tissue formation was found at tissue stabilization. Although there 
was mature bone formation even without the lateral flare present, it was significantly less than the 
flared Proxima. Figure 4.21 shows both the models at stabilization. The model predicted around 
10% more mature bone formation with the flare present, which could influence the stability of the 
implant. Regarding specific regions of immature and mature bone formation, the postero-medial 
and posterior aspect around the implant had more bone formation compared to the anterior side. 
However, overall bone formation was less than that observed for the flared Proxima. The difference 
between the two models was most notable in regions directly under where the flare would be Chapter 4                     Tissue Differentiation in Short Stemmed Implants 
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located, with very little bone formation. This was in sharp contrast to the results obtained for the 
flared Proxima. Cartilage was almost entirely replaced by bone at stabilisation for both models and 
there was also a corresponding decrease in fibrous tissue overall to stabilize at 59% and 70% for 
the flared and non flared models respectively. 
 
 
 
Figure 4.21: Comparison of the tissues formed at stabilisation for both models. 
 
The  overall  percentage  decrease  and  increase  of  the  three  main  tissue  types,  fibrous  tissue, 
cartilage and mature bone, obtained  by combining values of the  mapped  regions (for example, 
immature  and  mature  bone  was  combined  for  an  overall  bone  percentage),  formed  at  various 
stages is shown in figure 4.22 for each of the models. There was a decrease in fibrous and cartilage 
tissue formation with a corresponding increase in immature and mature bone formation observed 
for both models.  
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Figure 4.22: The percentage of the three main tissue types formed, fibrous, cartilage and bone at 
various stages proceeding to stabilisation. 
 
The influence of the lateral flare in regulating the formation of stronger tissues can be exemplified 
further  by  investigating  the  change  in  tissue  stiffness  with  and  without  the  flare.  Although 
formation of different tissues is not consistent across the implant, with sporadic and often patchy 
formation of bone tissue, Figure 4.23 shows the change in tissue stiffness in three specific locations 
located on or directly under the flare for both models. Location a, on the lateral flare is shown to 
slowly ossify as iterations progress; in contrast, without the flare this region is covered with fibrous 
tissue throughout. There is a steady change in tissue type which is absent with no flare present. 
 
At  location  b,  situated  directly  under  the  flare,  there  is  steady  progress  towards  mature  bone 
formation for both models. However, there is a delay in the onset of stronger tissues, for example, 
cartilage and bone formation for the model without the flare. With the flare present, the increase in 
tissue stiffness is more rapid, and stabilisation through bone formation occurs faster. At location c, 
which is at the distal end of the implant, a similar trend is observed. There is a gradual transition 
through intermediate tissue types leading to the stiffness corresponding to mature bone. Although 
bone tissue stiffness is reached at stabilisation in both cases, there is a marked increase in tissue 
stiffness with the flare present, with stiffness increasing quicker through the iterations. Peak value 
of mature bone is also achieved faster in this case, just past the 20th iteration which is quicker than 
the model without the flare.  
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Figure 4.23: The change in tissue stiffness across three specific locations a, b, c located on or under 
the flare for both models. 
 
4.6.5  DISCUSSION 
 
The inclusion of the prominent lateral flare in uncemented hip implants has been a recent and 
novel design improvement to load the proximal femur by use of the large medial lateral taper on 
the infero-lateral part of the greater trochanter. The shape also provides to provide a good “rest fit” 
that  minimises  axial  and  torsional  instability  [237].  Retrieval  and  clinical  studies  on  the  flared 
Proxima have been limited and to the author’s knowledge, there have not been any studies that 
have assessed the implications of incorporating the flare in the Proxima design. The current study Chapter 4                     Tissue Differentiation in Short Stemmed Implants 
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has aimed to distinguish tissue formation around the implant with and  without the prominent 
lateral flare through the use of the algorithm described previously. 
 
The  predicted  results  have  shown  that  there  is  indeed  a  marked  difference  in  bone  formation 
around the implant when the flare is present, especially in regions directly under the flare. This is 
perhaps due to the shielding effect the lateral flare provides, limiting regions under it from high 
stresses that in turn lead to more stable tissue formation. This has also been previously shown in 
literature, for short stemmed and conventional lateral flared implants, where there is endosteal 
bone formation in the aforementioned regions [132,248]. The flared shape helps transfer the load 
to the lateral and medial regions around the greater trochanter and this has been also been shown 
in literature, with an increase in bone mineral density in regions beneath the flare  [249], all of 
which correlate well with the results of the current study. 
 
Although  there  have  not  been  any  experimental  or  clinical  studies  carried  out  comparing  the 
Proxima with and without the flare, other studies with lateral flared implants have shown that the 
flare also minimizes stress and strain on the proximal femur when compared to non flared implants 
and  the  strain  distribution  also  matches  that  of  an  intact  femur  closely  [246].  Considering  the 
algorithm  used  relies  mainly  on  stress  components,  this  agrees  well  with  the  predicted  tissue 
formation for both models, with bone formation for the flared Proxima exceeding that of the non 
flared Proxima. Another parameter that can also be used to justify the results in favour of inclusion 
of the flare is micromotion. Although not explicitly simulated in the current study, literature has 
shown that incorporating the flare minimises micromotion, migration and subsidence [248]. The 
predicted  results  correlate  very  well  this,  with  the  flared  Proxima  demonstrating  more  bone 
formation and less fibrous tissue covering the implant when compared to the non flared Proxima. 
 
The results also show that it is not just the grosser formation of stronger tissues that reinforces the 
importance of the lateral flare, but also the rate of formation of these tissues. The flared Proxima 
has  been  shown  to  predict  faster  formation  of  bone  around  the  implant,  which  could  help 
strengthen  the  interface  very  early  and  provide  more  stability  early  on.  The  flare  may  be  a 
contentious choice to employ along with a diaphyseal fillings stem in a long stemmed implant but 
it’s applicability for a short stemmed implants could be vital; employing the dual role of loading the 
proximal femur and maintaining axial and torsional stability at the same time.  In the absence of 
biological  factors  and  considering  mechanical  stimuli  alone,  the  predicted  results  of  the  study 
suggests that the use  of a prominent lateral flare in addition to the medial flare that normal implant 
designs incorporate improves bone formation and minimizes fibrous tissue formation around the 
implant. 
To summarize, short stemmed uncemented implants for hip replacement are a recent and novel 
development  recommended  for  young  patients  requiring  hip  arthroplasty.  The  preservation  of 
bone  stock  and  the  less  invasive  surgery  required  for  implantation  is  an  attractive  option  for 
surgeons and patients alike. Considering the growing  interest in these implants, the unknowns Chapter 4                     Tissue Differentiation in Short Stemmed Implants 
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associated with osseointegration, stress shielding and associated long term behaviour, along with 
timescales  and  the  expense  involved  with  clinical  trials,  it  would  be  useful  to  predict  implant 
behaviour through computational models. Notwithstanding the limitations with such an approach, 
such models could provide a useful basis for further design iterations. 
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CHAPTER 5   
 
EFFECT OF THE POROUS COATING GEOMETRY 
ON TISSUE DIFFERENTIATION IN A 
CONVENTIONAL LONG STEMMED IMPLANT 
 
 
The research carried out in this chapter has been presented in part in the following conference 
papers: 
 
  Puthumanapully  P.K.,  Browne  M.  (2009)  “Predicting  bone  ingrowth  and  tissue 
differentiation  around  a  long  stemmed  porous  coated  hip  implant  using  fracture 
healing  principles”  Proceedings of the 22nd Annual Congress of International Society for 
Technology in Arthroplasty (ISTA)  
 
  Puthumanapully P.K., New A.M., Browne M. (2010) “Design influences of a short-stemmed 
and long-stemmed uncemented implant on tissue  differentiation at the interface: A 
computational study based on a mechanoregulatory hypothesis” Proceedings of the 9th 
international symposium of computer methods in biomechanics and biomedical engineering 
(CMBBE). 
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5.1 INTRODUCTION 
 
Uncemented  implants  have  come  into prominence  from  the  1970’s  with  many  designs  used  to 
substitute cemented implants due to associated problems of using bone cement such as osteolysis, 
described in detail in chapter 2. These implants employ porous coated surfaces to encourage bone 
ingrowth, securing and providing biological fixation. The design of these implants has been varied, 
with  changes  in  stem  shape,  size  and  extent  of  coating  employed.    One  of  the  most  clinically 
successful implants developed during the late 1970’s, and one which continues to enjoy excellent 
survivorship even today, is the anatomic medullary locking prosthesis, also known as the AML 
[250]. The AML, first introduced in 1977, is commercially manufactured by DePuy Orthopaedics 
(Warsaw, Indiana, US). It was developed by Charles Engh Sr based on the Moore implant  and the 
first of its kind to offer biological fixation [251]. The implant is forged and made from Co-Cr alloy. 
The AML employs a design rationale of diaphyseal fixation by “fitting and filling” the diaphysis. One 
of the  implant’s  main  strength  has  been  its  simple,  easily  reproducible  design.  The  AML  has  a 
straight lateral side, with the medial side contoured to the calcar regions for a good proximal fit. 
The  proximal  regions  of  the  implant  have  an  almost  rectangular  cross  section  that  becomes 
rounded at the diaphysis for a tight distal fit. In addition, the easy union of the cylindrical parallel 
sided  femoral  diaphysis  with  the  implant  through  the  use  of  cylindrical  reamers  also  ensures 
excellent canal fill, leading to good initial stability. This core design of the implant has remained the 
same for the last three decades[174] with only minor modifications such as head size, offset, taper, 
modular heads and use of the collar. The AML has also been marketed under other names such as 
the Prodigy and Solution stems which incorporate changes in implant anteversion or stem length 
respectively. These changes have been justified by the excellent clinical success and the need to 
cater to a wider patient population. In a recent follow up of 223 total hip replacements with the 
AML,  only  2%  loosening  was  observed  at  20  years[252].  The  implant  has  also  recorded 
survivorships  of up  to  99%  at  14  years  [250]  with  comparable  survivorship  data  obtained  for 
shorter follow up periods [253,254] as well. 
 
The implant has been studied extensively with regular follow up periods to offer a panoptic view on 
the functioning of the implant in terms of the influence of various design factors, longevity and 
problems associated with its use. One design parameter that has been investigated is the extent of 
the sintered beaded coating that the implant employs for biological fixation. In its current form, the 
implant can be categorised as being extensively or fully porous coated and uses a bullet shaped non 
coated distal end to avoid impingement with the endosteum (see figure 5.1).  However, this has not 
always been the case and the porous coating used has been applied in varying extents over the 
implant  surface  through  the  years,  accompanied  by  minor  shape  and  design  changes  in  stem 
diameter [174,251,255].  Some of the different versions of the AML with varied porous coated areas 
are shown in figure 5.2.  Chapter 5                   Effect of the Geometry of Porous Coating in Long Stemmed Implants 
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Figure 5.1: The AML implant with its extensive porous coated surface, in deployment since the late 
1990's. 
 
 
 
 
Figure 5.2: Porous coatings on the AML, (A) fully  coated (B) 4/5 coated (C) 1/3 coated (D) fully 
coated AML marketed as Prodigy stem incorporating implant anteversion [174]. 
 
 
The implant was fully coated when it was first introduced but problems associated with proximal 
stress  shielding  led  to  modifications  on  the  extent  of  porous  coating.  It  was  believed  that  the Chapter 5                   Effect of the Geometry of Porous Coating in Long Stemmed Implants 
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inherent  bulkiness,  along  with  the  full  porous  coating  could  compromise  stress  transfer  to  the 
proximal regions of the implant [75]. To eliminate this problem, the proximally 1/3 coated AML 
was  introduced  in  the  1980’s.  The  implant  saw a  sudden  rise  in  popularity  in  1985  before  its 
eventual decline in the 1990’s, primarily used in younger patients with good bone stock [174]. The 
results  obtained  from  the  aforementioned  comparative  study  graded  on  survivorship,  stress 
shielding, pain and overall satisfaction indicated that both versions performed well clinically. The 
outcomes for both versions of the implant were comparable with only a slight advantage for the 
fully coated stems with longer survivorship and reduced loosening. A further study has looked at 
the mean density of bone ingrowth for the proximal coated and fully coated implant; results were 
comparable  [167]  with  slightly  better  ingrowth  observed  around  the  fully  coated  implant.  The 
reason behind the decline of the proximally coated version could be that the stability obtained by 
bone ingrowth over the shaft of the stem surmounted the possible instability that could result from 
stress shielding proximally. In view of comparable results, the fully coated version was preferred. 
Retrieval  and  cadaveric  studies  of  the  AML  has  demonstrated  this,  with  very  low  levels  of 
micromotion recorded for fully coated implants [10].  
 
The current version of the AML has undergone a small change in stem design compared to the older 
versions with the use of a more rounded stem and a larger diameter distal end. The current version 
is also fully coated with only the distal tip free of the coating. There have been no AML designs 
currently that have been coated just proximally or to any other length along the stem. One of the 
key concerns with the performance of the AML, as described in a study by Charles Engh [253], has 
been bone ingrowth along the stem and to identify and quantify regions of bone ingrowth along 
with their distribution.  The current study aims to determine if the fully coated AML is best for 
osseointegration or if reducing the porous coating to the proximal regions can give comparable, if 
not better results.  
5.2 AIM 
 
To  investigate  the  effect  of  the  extent  of  porous  coating  on  tissue  differentiation  around  the 
traditional  and  clinically  successful  long  stemmed  implant,  the  AML.  This  is  carried  out  by 
comparing and contrasting three different porous coated versions of the implant; the fully coated, 
3/4 coated, and the proximal 1/3 coated. By considering these different lengths and their effect on 
tissue differentiation and bone ingrowth around the coating, the rationale for the current coating 
length can be justified and/or a better coating length can be determined.  
 
5.3 METHODOLOGY 
 
The technique used to simulate tissue differentiation around the AML for all three models was 
identical to that used for the short stemmed implant study in chapter 4. Finite element models of 
the  implant  and  surrounding  bone  were  combined  with  the  mechanoregulatory  algorithm 
described in detail in chapter 3. For this study, only method 2 of the algorithm was employed for Chapter 5                   Effect of the Geometry of Porous Coating in Long Stemmed Implants 
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comparison,  due  to  its  ability  to  predict  more  detailed  tissue  formation.  The  individual  steps 
involved are described below. 
 
5.3.1  GEOMETRIC AND FINITE ELEMENT MODELS 
 
Macroscale modelling of the tissue differentiation around the three implant models was carried out 
in several steps. The first step involved creating geometries and components to be used in the 
study. The main components: geometries of the femur, the implants and the tissue layer at the 
interface were either obtained from existing files or reconstructed from CT scans.  
5.3.1.1  THE AML IMPLANT 
 
The  geometry  and  solid  model  of  the  implant  was  obtained  from  DePuy  (DePuy  International, 
Leeds, UK) and scaled for size to fit the femur used in the study. The solid model of the AML is 
shown in figure 5.3.  
 
 
 
Figure 5.3: Solid model of the AML used in the study. 
 
The sintered beaded porous coating was not modeled explicitly, due to the large computational 
expense it would warrant. Moreover, the focus of the study was to simulate tissue differentiation 
around specific lengths around the implant, where the porous coating would normally be present. 
This would not require the coating to be modelled separately and simulations can be carried out by 
modeling a tissue layer in those specific areas. Details of the tissue layer and its construction for the 
three models are described in the following sections. 
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5.3.1.2  TISSUE LAYER 
 
The construction of the three models was carried out as follows. The first step was to identify 
regions where the tissue layer would be present. For the fully coated AML, the region below the 
collar  and  just  above  the  bullet  shaped  distal  tip  was  considered.  For  the  1/3  and  3/4  coated 
models, the length of the implant from the shoulder to just above the tip was determined; the two 
lengths were marked and considered for the tissue layer placement. The construction of the tissue 
layer was carried out by uniformly exploding the geometry of the implant by a value of 0.750mm in 
all directions. The original implant geometry was then subtracted from the newly created tissue 
block to produce a 0.750mm uniform hollow layer into which the implant could be fit without the 
formation of any gaps. The layer was then split at the 1/3 and 3/4 levels, and the unwanted regions 
deleted to leave the tissue layer surrounding the implant for all three models. The solid models of 
the three AML versions are shown in figure 5.4. 
 
             
Figure 5.4: Solid models of the three AML models used in the study. Proximal 1/3 coated (left), 3/4 
coated (centre) and extensively coated (right). 
 
The thickness of the layer surrounding the implants was made on an assumption of the thickness of 
what  would  otherwise  be  a  3  layer  porous  coating  of  250  micron  diameter  beads  (Porocoat®, 
DePuy) that the AML normally employs and would be filled with granulation tissue. Even though 
the beads haven’t been modelled in this case, this was considered to be a reasonable assumption as 
a start point. In addition, other studies have used a maximum thickness of 1mm for simulating the 
fibrous tissue layer surrounding the implant [177,235]. Granulation tissue is comparable to fibrous Chapter 5                   Effect of the Geometry of Porous Coating in Long Stemmed Implants 
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tissue used in these studies and a 750 micron thick layer was also a conservative assumption based 
on this. Granulation tissue has been described in detail under the methodology section in chapter 3. 
5.3.1.3  FEMUR 
 
The femur geometry used for the study was the same as that used in chapter 4. However, with the 
implant size considerably larger than the Proxima, the length of the proximal femur was deemed to 
be insufficient. To this end, a parametric study was carried out to determine at what length the 
femur  needed  to  be  sectioned  so  as  to  not  adversely  affect  bone  strains.  This  was  carried  out 
through a single load of 1000 N applied to the implant, with boundary constraints on sectional cuts 
made on the femur every 20mm from the level of the tip of the implant. The femur length chosen 
(figure 5.5) was the minimum length from the set that produced the most consistent strains in the 
femur. The final length chosen was 120mm from the level of the tip of the implant as the maximum 
strains in the femur beyond this length varied less than 5% (see appendix D). Neither method 1 nor 
method 2 was employed for a comparative study on the change in the tissue layer as this step was 
carried  out  to solely  determine  the  length  of the  femur to  be  employed  for  the  long  stemmed 
implant. 
 
 
 
Figure 5.5: The proximal femur used in the study showing the osteotomy cut. 
 
Implantation of all three models and the corresponding osteotomy on the femur was performed in 
the  software  Rhinoceros  (Robert  McNeel  &  associates,  Seattle,  USA).  The  osteotomy  plane  and 
seating of the implant in the created implant bed was kept as close as possible to actual surgical Chapter 5                   Effect of the Geometry of Porous Coating in Long Stemmed Implants 
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procedures. The collar of the AML rested on the cut surface of the bone with contact established 
between the two surfaces as seen in figure 5.6. The implant models were oversized on construction 
and  had  to  be  scaled  down  to  be  of  optimum  fit  in  the  femur;  they  were  then  compared  to 
radiographs to ensure size and positioning were accurate. The final positioning of the implant was 
that of the stem filling the diaphysis in case of the fully coated implant, with smaller gaps present 
for the 1/3 and 3/4 coated models between the distal regions of the implant and the diaphyseal 
endosteum. There was excellent proximal contact for all three models, evidenced by the close fit 
conforming to the implant geometries in the endosteum of the femur. 
 
 
 
 
Figure 5.6: The collar of the AML for all three models rested on the cut surface of the bone as per 
surgical instructions. The surfaces were in contact with each other. 
 
5.3.2  FINITE ELEMENT MESH 
 
All  of the  constructed  components  were  exported  to  Ansys  ICEM  CFD  for  meshing.  They  were 
checked for faults in geometry and subsequently repaired and meshed together. Mesh convergence 
studies were carried out in an identical way to those carried out in chapter 4, based on using the 
osteogenic index rather than stress or strain values for convergence checks. Element size to be used 
was  determined  by  exploring  different  mesh  configurations,  and  the  resultant  effect  on  the 
osteogenic index obtained after a single iteration of implementing the modified algorithm. 
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Figure 5.7: The finite element meshes of the three AML models and the implanted femur. 
 
Different element sizes and mesh densities were investigated and a visual inspection of the regions 
of  high  and  low  osteogenic  index  was  compared  across  the  models,  along  with  the  respective 
computational  times  needed  for  the  completion  of ten  iterations  for  the  fully  coated  AML.  The 
different combinations investigated with maximum and minimum sizes respectively were (1,0.5), 
(1,1),  (2,0.5),  (2,1),  (2,2),  (3,0.5),  (3,1)  and  (4,0.5).  The  tissue  patterns  obtained  for  all 
aforementioned combinations, barring the 4, 0.5 were comparable but with differing computational 
times (see appendix E). Therefore it was decided to use the element size with a maximum and 
minimum  size  of  3mm  and  0.5mm  for  the  remainder  of  the  simulations  as  it  was  the  least 
computationally  expensive,  could  accommodate  the  tissue  thickness  of 0.750mm  and  produced 
tissue differentiations patterns comparable to all other combinations used. Figure 5.7 shows the 
finite element meshes of the different components used in the study. 
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5.3.3  MATERIAL PROPERTIES 
 
The material properties assigned to bone was element specific and the steps involved identical to 
those  described  in  chapter  4.  BONEMAT,  described  previously,  was  applied  to  map  material 
properties from CT data to the individual elements based on the radiographic density. A standard 
Poisson’s ratio of 0.3 was set for all the bone elements. A section of the femur showing the implant 
positioning in the stem and the elastic moduli assigned to the femur (in MPa) is shown in figure 5.8. 
As seen in the figure, the denser cortical bone surrounds the distal aspects of the implant with 
cancellous bone surrounding the proximal regions of the implants. 
 
 
 
 
Figure 5.8: Sectional view showing the positioning of the AML in the femur (left) and the elastic 
modulus assigned to the femur (right). Modulus scale shown in MPa. 
 
The AML implant is forged from Co-Cr alloy, so an elastic modulus of 220GPa and a Poisson’s ration 
of 0.3 was assumed. The granulation tissue surrounding the implant was also assumed to be linear, 
elastic and isotropic. Granulation and other tissues surrounding the implant were assumed to be 
linear, elastic and isotropic in keeping with the literature [216-218] and as described in previous 
chapters.   
5.3.4  BOUNDARY CONDITIONS AND LOADING 
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The muscle attachment and loading locations were similar to those employed for the Proxima study 
and described in detail in chapter 4. The distal part of the sectioned proximal femur was fully 
constrained in all directions. At the interface, the granulation tissue layer was assumed to be fully 
bonded to the implant and the bone. Loading and direction vectors of the muscle forces in the 
femur were based on the data reported by Bergmann et al [18].  Both normal walking loads and 
stair climbing loads were considered for an individual weighing 75 kilograms.  Only the maximum 
contact force was applied as shown in figure 5.9 for both of the two load cases was used. Due to the 
use of the sectioned femur, rather than the entire femur in the simulation, none of the muscles 
attaching beyond the mid-distal femur were included. The forces were applied by selecting a group 
of nodes within a 3mm diameter patch around each specific attachment point and dividing the force 
equally among this set of nodes.  
 
 
 
 
Figure 5.9: The muscles, along with their attachment points and their corresponding forces used in 
the study [18]. 
5.3.5  IMPLEMENTATION 
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For the overall implementation of the study, method 2 of the modified algorithm was employed. 
However, the value of ‘K’ to be used for the simulations needed to be determined. This was carried 
out through a parametric study for different K values (1, 1.5, 2, 2.5 and 3) and comparing it to 
clinical results reported in literature. A single load case of normal walking was run until tissue 
stabilization. Unlike the previous case for the Proxima implant in chapter 4, where literature on the 
implant was limited and a comparison to a similarly designed implant (the IPS) had to be carried 
out,  the  clinical  history  of  the  AML  is  well  documented  as  described  in  the  aforementioned 
introduction section. By comparing the results obtained for different K values with radiographic 
evidence found in literature, the value of K to be used for the remainder of the analyses could be 
found. Moreover, this would follow the original study by Carter et al., of comparison to clinical 
studies for the determination of K.  
 
 
 
Figure 5.10: Flowchart describing the steps involved in the process of simulating tissue change in 
the interfacial layer. 
 
However, even though it was decided to use method 2 for the study, method 1 was computationally 
faster of the two methods and gave gross formation of tissue around the implant. For the simple 
task of comparing the results to literature, this was found to be sufficient without the need for 
detailed tissue formation. Therefore method 1 was used to determine K, with method 2 employed 
for the actual study comparing the three different versions of the implant. Literature available on 
the more widely used fully coated implant was used for comparison for different values of K. The Chapter 5                   Effect of the Geometry of Porous Coating in Long Stemmed Implants 
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flowchart of the steps involved in the process is shown in figure 5.10. The steps are the same as 
those implemented for the Proxima. 
 
5.4 RESULTS 
 
5.4.1  SELECTION OF K VALUE 
 
The results obtained for values, K=1, 2 and 3 are shown in figure 5.11 . 
 
 
Figure 5.11: Tissue formation for different K values at stabilisation for a single load case of normal 
walking. 
As seen in the figure, the formation of the individual tissue types was comparable in each case. 
There  weren’t  any  large  deviations  in  the  location  and  amount  of  tissues  formed  across  the 
different K values, even for bone formation. This was found to be consistent with literature on the 
AML [10,167,172,174,225,251], with the formation of stronger tissues reported along the length of Chapter 5                   Effect of the Geometry of Porous Coating in Long Stemmed Implants 
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the  stem  of  the  implant  with  fibrous  tissue  formation  in  the  proximal  regions.  When  tissue 
formation is compared across the models, it was found that K=1 gave the smoothest distribution of 
tissue around the implant with a maximum deviation of only ±6% for any particular tissue type 
formed across all values of K simulated. Considering the comparable distribution of tissues across 
all K values and their closeness to results seen in clinical and retrieval studies, the value of K=1 was 
chosen for the remainder of the simulations.  
 
5.4.2  RESULTS FROM IMPLEMENTING METHOD 2 
 
Tissue  differentiation  was  successfully  simulated  around  all  three  AML  implants.  The  tissues 
formed at specific stages, from start to stabilisation for the three AML implants considered are 
shown in figures 5.12 - 5.17. The anterior, antero-lateral, posterior and postero-medial views are 
detailed. As expected, at the start of the iterations, the majority of tissue formed is fibrous (>90%) 
across all the models. This is seen extensively in the medial regions of the implant, occupying the 
proximal to mid-distal areas around the implant. The cartilage tissue formed in the case of the 1/3 
and 3/4 coated implants is mainly located surrounding the distal aspects of the implant. Fibrous 
tissue percentage around the implants slowly decreases as the iterations progress and at iteration 
5,  cartilage  tissue  formation  is  more  emphasised.  This  is  observed  predominantly  for  the  1/3 
coated implant, with more cartilage formation compared to the 3/4 and the fully coated implants. 
In addition, there is no bone formation for any of the models at this stage. The various tissues 
formed, along with their locations are shown in figure 5.12 and figure 5.13. 
 
As the iterations progress, the tissue begins to increase in stiffness. Although there is no mature 
bone formation at this stage, there is immature bone formation across the three models. This is 
clearly seen around iteration 10, where immature bone is evidenced for all three of the implants 
but in varying quantities. The 1/3 coated AML shows the most bone formation at this stage with 
over 30% of occupied space around the implant consisting of immature bone, in similar amounts to 
fibrous and cartilage tissue. There is little immature bone formation for the 3/4 and extensively 
coated implants with only 10% of bone tissue in the case of the latter. Cartilage and fibrous tissue 
formation is prominent, accounting for over 40% each of the tissue formed for the implant. The 
location of the immature bone formation is restricted to the distal aspects in all of the implants, 
gradually  replacing  cartilage  tissue.  However,  the  antero-lateral  and  lateral  sides  also  show 
increased stiffness, indicating the trend to ossify as the iterations progress towards stabilisation as 
seen in figure 5.14 and figure 5.15. 
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Figure 5.12: The antero-lateral (top) and anterior (bottom) views of the tissue surrounding the 
implant for the three AML models at iteration 5. 
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Figure 5.13: The postero-medial (top) and posterior (bottom) views of the tissue surrounding the 
implant for the three AML models at iteration 5. 
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Figure 5.14: The antero-lateral (top) and anterior (bottom) views of the tissue surrounding the 
implant for the three AML models at iteration 10. 
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Figure 5.15: The postero-medial (top) and posterior (bottom) views of the tissue surrounding the 
implant for the three AML models at iteration 10. 
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Figure 5.16: The antero-lateral (top) and anterior (bottom) views of the tissue surrounding the 
implant for the three AML models at stabilisation. 
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Figure 5.17: The postero-medial (top) and posterior (bottom) views of the tissue surrounding the 
implant for the three AML models at stabilisation. 
 
 
 
The increase in tissue stiffness as the iterations progress is evidenced in the formation of stiffer 
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mature bone formation for all the implants, especially for the extensively coated implant.  Mature 
bone  replaces  immature  bone  through  the  stages.  The  amount  of  mature  bone  formed  for  the 
implant is comparable to the other two implants around the half way stage, even though it had 
considerably  lower  percentage  of immature  bone  formation  in  the  earlier  stages.  There  is  also 
decreased fibrous tissue formed for all three implants, most notably for the 1/3 coated implant 
with only 26% of the tissue surrounding the implant. In addition, the regions of fibrous tissue 
formation are mostly in the proximal medial regions of the implants. Most of the lateral and the 
distal regions (including the distal medial) sides showed increased bone formation overall, due to 
cartilage tissue being replaced by immature bone, which is later replaced by mature bone. 
 
At stabilisation, the majority of the tissue type surrounding the implants was a combination of 
mature bone and immature bone, forming in excess of 60% in all cases. However, the most bone 
formation was seen for the 1/3 coated implant, occupying 72% of the tissue space as opposed to 
68% and 63% for the 3/4 and extensively coated implants respectively. Fibrous tissue was found to 
occupy very little of the tissue space, with the rest of the surrounding tissue consisting mainly of 
the harder cartilage tissue. The tissues formed for the three implants at stabilisation are shown in 
figure 5.16 and figure 5.17. The overall tissue formation across the three models at different stages 
of the iterations proceeding to stabilisation is shown in figure 5.18. The increase in overall bone 
formation,  along  with  the  corresponding  decrease  in  cartilage  and  fibrous  tissue  is  clearly 
demonstrated. 
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Figure 5.18: The percentage of the three main tissue types formed, fibrous, cartilage and bone at various stages proceeding to stabilisation for the three 
models of the AML considered.
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5.5 DISCUSSION 
 
In the current study, tissue differentiation around three different versions of the AML has been 
predicted and analysed. The general trend observed across all of the models is the high percentage 
of bone formation (>60%) seen at stabilisation, with very limited fibrous tissue formation. Due to 
the more extensive literature available on the extensively coated AML, tissue formation around it 
can be commented on first. The location of the bone formed for the extensively coated implant, 
primarily around the distal regions of the stem, corresponds well with retrieval and radiographic 
data  from  literature  [174,225,250,254].  Figure  5.19  shows  a  comparative  view  of  distal  bone 
formation in the extensively coated implant as seen in literature and the result obtained in the 
current study. These distal regions of bone formation shown in the figure are known as endosteal 
“spot welds” and usually represent regions through which stress transfer to the diaphysis takes 
place.  In addition, it has also been found that the lowest bone mineral density occurs on the medial 
side, in the most proximal 1cm of the implant, followed by regions directly under it [256]. These 
regions correspond to the regions occupied by fibrous tissue in the current study. 
 
 
 
Figure 5.19: Bone ingrowth locations around the extensively coated implant as seen in literature 
(left) [225] and the current study (right). 
 
In  further  support  of  the  results,  also  including  the  1/3  coated  AML,  the  tissues  formed  at 
stabilisation also compares well with those obtained from a finite element study by Folgado et al. 
[257]. In the Folgado study, the effect of the extent of porous coating on a Co-Cr cylindrical stem 
based  on  a  novel  displacement  model  was  carried  out.  Bone  ingrowth  patterns  matched  those Chapter 5         Effect of the Geometry of Porous Coating in Long Stemmed Implants 
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found in the current study as seen in figure 5.20. Ingrowth locations, in the proximal medial and 
lateral rounded corners, were consistent with the current study and of that found in literature 
[258]. In addition, ingrowth percentage reported in the Folgado study was over 60%, as observed 
in  the  current  study.  In  another  study  comparing  regions  of  BMD  around  proximally  and  fully 
coated implants, it was shown that the most decrease in BMD was noticed in the proximal 1cm of 
the medial femoral cortex for extensively coated implants [256], which agrees well with the regions 
of  fibrous  tissue  formation  obtained  in  the  current  study.  Overall,  the  results  obtained  in  the 
current study show the same trends of bone formation for extensively and proximally coated AML 
implants as seen in literature. 
 
 
 
 
Figure 5.20:  The comparative bone ingrowth patterns for the 1/3 coated and fully/extensively 
coated AML from the Folgado et al [257] (shown on the left of the current results in either case) and 
the current study. Darker regions represent bone formation. 
 
The advent of proximally coated AML implants, as noted in the introduction, was due to the higher 
incidence of stress shielding associated with the extensively coated version [172]. However, clinical 
results obtained have only shown a limited advantage in preventing stress shielding with their use, 
with studies showing no significant difference between the two models [174,225]. Moreover, for a 
different implant, it has also been shown that the proximal coating did not protect against bone loss 
proximally or distally in the femur [259], with videodensitometric analysis showing less decrease in 
bone density for the extensively coated when compared to the proximally coated implant. It has 
been the general consensus in the literature that the amount of ingrowth that can be achieved in 
extensively coated AML implants far surpasses  the  disadvantages of stress shielding associated 
with them [167]. In the current study, the rate of bone ingrowth for the proximally 1/3 coated Chapter 5         Effect of the Geometry of Porous Coating in Long Stemmed Implants 
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implant  is  excellent,  with  rapid  stabilisation  of  tissue  through  the  formation  of  mature  and 
immature  bone.  3/4  and  extensively  coated  implants  also  show  good  bone  formation,  but 
stabilisation (inferred from immature and mature bone formation at every stage of the iteration) is 
far less when compared to the 1/3 coated implant. However, whether early stabilisation can be the 
rationale for preferential use of the 1/3 coated implant, especially when the bone formation at 
stabilisation is comparable across the three implants remains debatable.  
 
Not restricted to the AML implant alone, similar results have been obtained in other studies. Al 
Hertani et al.[260] investigated different hydroxyapatite coated beaded coatings extents on bone 
ingrowth in a canine hip study and found that the fully coated stems had greater percent bone 
apposition, more connectivity, less micromotion and comparable proximal fixation compared to the 
just proximally coated implant. The location of bone formation, in the lateral quadrant as opposed 
to the medial side also matches well with the results obtained from the simulation. One of the major 
factors listed in favour of using extensively coated implants in literature is the large surface area 
available for bone ingrowth. If ingrowth can be achieved over the length of the stem, good stability 
can be achieved compared to other coating lengths. Based on the results from the current study, no 
significant  advantage  can  be  shown  in  terms  of the  amount  of bone  tissue  formed  considering 
available  space.  There  is  less  bone  formation  compared  to  the  1/3  and  3/4  coated  implants. 
However, it has to be acknowledged that the data presented is only in terms of available space 
around each of the implants and does not compare the total amount of bone tissue formed across 
the three models. In this regard, the extensively coated implant does have more bone formation due 
to the larger surface area available for tissue differentiation. This is in keeping with the rationale of 
using extensively coated implants.  
 
The case for the use of extensively coated implant has often been the additional stability provided 
by the diaphysis and this has been clearly demonstrated in finite  element studies, where the 1/3 
coated implant has less stability compared to the extensively coated implant [257]. In addition, 
micromotion has been found to be more in areas that are not porous coated, with the  extent of 
micromotion between the implant and bone near the uncoated tip of the implants found to be 
inversely related to the amount of porous coating on the implant [253]. This has been shown in 
another study, with the maximum tip motion of the proximally coated AML implant as high as 210 
microns,  with  extensively  coated  implants  only  displaying  40  microns  [10].  Subsidence  of 
proximally coated AML implants has also been an issue [261], which is avoided with the extensively 
coated implants due to the tight diaphyseal fit. 
 
There are other limitations associated with the use of the proximally 1/3 coated AML. Firstly, their 
use has been advocated to patients with good proximal bone stock, which would mean they would 
be  restricted  to  mostly  young  patients.  In  the  absence  of  good  initial  stability,  a  problem 
exacerbated by poor proximal bones stock, proximally coated implants are at a higher risk of failure 
than  extensively  coated  implants  due  to  the  lack  of  diaphyseal  fixation  [262].  In  contrast,  the Chapter 5         Effect of the Geometry of Porous Coating in Long Stemmed Implants 
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extensively coated AML has been, and continues to be used for patients in all age groups. Another 
important factor is that 1/3 coated AML implants can rarely be used for revision surgery due to the 
lack of bone proximally to support the implant. It is imperative in this case to achieve a diaphyseal 
fit and the extensively coated implant is the logical choice. The confidence of achieving a stable long 
term fixation through the use of just a proximal coating does not match that of the extensively 
coated AML, which is assured of a good diaphyseal scratch fit even if ingrowth fails to occur. On a 
similar  note,  attaining  a  congruent  fit  is  also  easier  with  the  extensively  coated  implant  in 
comparison [128]. Proximally coated implants also need to be circumferentially coated to seal the 
diaphysis from wear debris; inadequate proximal fixation and poor stability could exacerbate this 
problem and lead to osteolysis [263]. Another important factor that needs to be addressed is stem 
design. There is an increasing trend to manufacture more proximally coated uncemented implants 
in  view  of  reducing  distal  stress  shielding.  This  however,  cannot  be  a  rationale  used  for  all 
uncemented  implants  as  some  stem  designs  may  not  have  a  significant  difference  as  the 
aforementioned  studies  have  shown.  However,  there  have  been  other  studies  that  show  the 
advantage  of  enhancing  stem  designs  for  proximal  coatings,  but  have  often  sacrificed  overall 
stability  for  proximal  fixation  [264].  Whether  this  trade  off  is  justified  and  if  the  positives  of 
obtaining proximal fixation surpasses bone ingrowth over the entire surface of the stem can only be 
ascertained through long term follow ups of these current designs. 
 
There  are  limitations  associated  with  the  study,  primarily  concerning  the  absence  of biological 
factors modelled. It would be useful to include cellular influences that also contribute to the type of 
tissues formed at the interface. The source of these cells would be the marrow and the endosteum. 
The issue of determining the value of K is not a major concern in the current study, due to the 
extensive literature review available on the implant. Although the tissue differentiation patterns 
obtained are comparable to those found in literature, it would be extremely useful to include bone 
remodelling along with the tissue differentiation to present a more realistic comparison to clinical 
studies. This would also allow further investigation into the differences in stress shielding when 
each of the different implant versions is used. 
 
To conclude, all three versions of the AML show excellent and consistent bone ingrowth. Although 
the 1/3 and 3/4 coated implants show slightly more bone formation with regards to available space 
for tissue formation, the overall quantity of bone formed is more for the fully coated implant due to 
the larger surface available around the implant.  In addition, for the 1/3 coated implant, the added 
advantage of early stabilisation and the disputable reduced stress shielding (based on literature), is 
a weak justification for its preference over the other two implants. Based on the results obtained in 
this computational study, where it has been shown that there is little difference, if any, with regards 
to bone formation, it would appear that the fully coated implant is the most attractive option as it 
also has the advantage of better initial stability, ease of repeatable implantation and more surface 
area for ingrowth.                    
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CHAPTER 6   
 
MICROSCALE STUDY OF TISSUE 
DIFFERENTIATION IN THE PORE SPACE OF A 
BEADED POROUS COATING AND THE 
INFLUENCE OF DESIGN FEATURES 
 
 
The research carried out in this chapter has been presented in part in the following conference and 
journal: 
 
  Puthumanapully P.K., New A.M., Browne M. (2009) “Simulating bone ingrowth in porous 
coated  implants”  Exploring  the  biological/biomechanics  interface.  Arup  campus,  Blythe 
valley park, Solihull, UK. 
 
  Puthumanapully P.K., New A.M., Browne M. (2008) “Do multi-layer beads on porous coated 
implants influence bone ingrowth? A finite element study” Journal of Biomechanics. Vol 
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6.1 INTRODUCTION 
 
Bone ingrowth is key to the long term stability of porous coated uncemented implants. One of the 
primary mechanical factors that influences bone ingrowth is micromotion. Micromotion has been 
described as the tangential displacement of the femoral implant relative to the bone  during one 
loading cycle [265]; the irreversible displacement that occurs due to micromotion after repeated 
loading is described as migration. Micromotion is a small, three-dimensional and complex motion at 
the interface [67]. Micromotion can result due to poor initial press fit and stability [21] and further 
contribute  detrimentally  to  the  more  important  long  term  secondary  stability  of  cementless 
implants by hindering the formation of osseointegration at the interface. The role of micromotion in 
determining the type of tissues formed at the interface has been studied extensively by a number of 
authors through animal or retrieval studies [6,7,10,143,168,173,266,267].   
 
Large micromotions over a long period are hypothesised to encourage the formation of fibrous 
tissue at the interface as opposed to bone. Although the exact values of micromotion that lead to 
this are unknown and may vary on an individual basis, reports have suggested conservative values 
of even >30-40 microns micromotion at the interface resulting in fibrous tissue. 150-200 microns is 
normally considered the value beyond which fibrous tissue formation will form [7,10,143,173,177].  
Fibrous tissue has extremely poor mechanical properties compared to bone [9] and can result in 
loosening of the implant, especially when subjected to large shearing forces as reported by Hori and 
Lewis [268]. Micromotion has also been studied computationally by a few authors through the use 
of finite element models employing two main methods; a) by relating regions of high micromotion 
to fibrous tissue formation through comparisons to radiographs or b) simulating evolution of tissue 
based on a mechanoregulatory algorithm [163,178,269,270].  
 
Fibrous tissue has been shown to proliferate within porous structures once it has formed and the 
formation increases with time [271]. Therefore it is imperative that this be prevented in order to 
maintain long term stability of the implant. The formation of bone rather than fibrous tissue needs 
to be encouraged, and ideally for porous coated implants this would extend from the existing bone 
surface to the pores. Although various porous surfaces have been and are being developed, layers of 
beads arranged on the surface of the implant has been a popular choice to date and will therefore 
be the subject of this investigation. 
 
Beaded  layers  have  been  used  as  coatings  to  provide  anchorage,  initially  through  a  scratch-fit 
frictional interface with the surrounding bone and then, presenting the opportunity for long term 
biological fixation through osseointegration. They have been the coating of choice on the clinically 
proven AML and PCA implants and have historically been a constant feature in cementless stems. 
The  aforementioned  implants  use  “Porocoat®”,  the  proprietary  porous  coating  from  DePuy 
orthopaedics.  Currently,  the  Porocoat  coating  consists  of  commercially  pure  titanium  sintered 
beads on a titanium alloy substrate (figure 6.1). The beads are spherical, but sometimes lose shape Chapter 6                   Tissue Differentiation in the Pore Space 
                            145 
during sintering. The coating employs a bead size of 200-250 microns, applied in layers with pore 
size ranging from 200-300 microns. The uncemented implants of the late 70s and 80’s used cobalt 
chrome beads but have currently been replaced by titanium due to their lower elastic modulus. 
 
 
 
Figure 6.1: The beaded porous coating “Porocoat” employed for bone ingrowth. 
 
The porous coating also employs a porosity gradient; the beads are arranged in such a way that the 
porosity is higher on the outer edge in contact with the bone and lower near the substrate. This is 
to ensure that the top layer encourages rapid penetration of bone and the substrate layer of beads 
increases the bond strength. The depth of the coating is normally three layers, and can sometimes 
extend to four layers. The structured and layered beads form an interconnecting pore network for 
bone ingrowth to take place. This interconnection also allows the porous surface to be stable and 
provides higher resistance to shear and tensile stresses. They have often been preferred over grit 
blasted and plasma sprayed surfaces due to the larger interconnecting pore space available, which 
is ideal for bone formation and provides more regions protected from high strains at the interface 
[155]. 
 
To  the  author’s  knowledge,  computer  simulation  of  the  evolution  of  tissues  at  the  bead-bone 
interface on a microscale level has only been conducted by one author [219] and the influence of 
different layers and micromotion combined has not been undertaken as yet. The idea behind the 
current study is that by observing the influence of structure and micromotion on the type of tissues 
formed  at  the  interface,  design  modifications  could  be  made  that  could  enhance  more  bone 
formation at the interface and reduce the incidence of fibrous tissue at the interface. 
 
6.2 AIM 
 
To develop a 2D microscale model of the interface between the bone and coating and to study the 
evolution of tissues at the interface and pore space for a standard three layer beaded coating under 
different levels of micromotion.  
6.3 METHODOLOGY Chapter 6                   Tissue Differentiation in the Pore Space 
                            146 
 
The technique used in the study was similar to those described in the previous chapters. Two- 
dimensional FE models of the porous coating were combined with the modified mechanoregulatory 
algorithm  described  in  detail  in  chapter  3  with  relevant  boundary  and  loading  conditions.  In 
contrast to previous studies, only method 1, describing overall tissue formation was employed as a 
finer detailed model within the pores was not required. Moreover, the study focused on gross tissue 
formation and the information provided by method 1 was considered to be adequate. 
 
6.3.1  THE “POROCOAT®” BEADED COATING  
 
Samples of the Porocoat porous coating were obtained from DePuy International (DePuy, Leeds, 
UK) in two different bead configurations, (i) A three layered and (ii) a two layered configuration of 
titanium beads on a titanium alloy substrate, in small blocks of 10mm X 10mm each. Each of the 
samples  was  viewed  and  photographed  under  a  standard  microscope  to  help  understand  the 
structure. On average, the bead size was 250 microns, as shown in figure 6.2.  
 
 
 
Figure 6.2: A single bead from the Porocoat porous coating on a titanium substrate viewed from 
above. 
 
6.3.2  GEOMETRIC AND FINITE ELEMENT MODELS 
 
A two-dimensional finite element model was created in Ansys (Ansys Inc, Canonsburg, PA, USA), 
based  on  the Porocoat samples and a previous model developed  by Liu  et al.[219]. The model 
represented a plane cut through a body centered cubic unit cell of the coating in contact with the 
bone, with bead sizes of approximately 200 microns in diameter.  The original geometry was first 
developed in Solidworks (Dassault Systèmes SolidWorks Corp. Massachusetts, USA) and exported 
to Ansys in the form of an IGES file. The two-dimensional structure measured 1.00mm x 0.975mm 
and  contained  areas  defined  for  bone,  the  beads,  the  granulation  tissue  and  the  substrate.  For 
comparative purposes with the study by Liu et al., the size of the beads was reduced to 200 micron, Chapter 6                   Tissue Differentiation in the Pore Space 
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at  the  lower  end  of  the  specification  of  the  beads  in  the  commercially  produced  coating.  The 
minimum distance between the individual beads in a layer was approximately 60 microns.  The 
substrate was assumed to be 100 microns thick. [178]. The bonding of the bottom layer of beads 
was modelled by flattening the geometry of the beads near the substrate as shown in figure 6.3. 
 
 
Figure 6.3: The two-dimensional geometric model of a standard 3 layer beaded coating developed 
for the study.  
 
The top layer of bone was modelled to be 0.3mm away from the interface and 0.2mm away from the 
beads in the top layer. The areas were then meshed using second order plane strain elements, and 
had 8 nodes each with 2 degrees of freedom, translations along the x and y axes at each node. This 
element was chosen due to it being well suited to mesh curved boundaries. A uniform element size 
of 0.01mm was defined the structure was meshed. The number of elements for each region of the 
model is given in table 6.1. The resulting finite element mesh is shown in  figure 6.4. The total 
number of elements and nodes in the model were 10776 and 33246 respectively. 
 
 
 
 
REGION  ELEMENTS 
Bone 
Substrate 
Bead 
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Bone  2239 
Granulation tissue  2458 
Beads  4983 
Substrate  1096 
TOTAL  10776 
 
Table 6.1: Number of elements in each region of the finite element model. 
 
 
 
Figure 6.4: The finite element model used in the study showing bone occupying the top layer, the 
titanium beads with granulation tissue surrounding the beads and the substrate. 
 
6.3.3  BOUNDARY CONDITIONS, LOADING AND MATERIAL PROPERTIES 
 
The  whole  structure  was  assumed  to  be  part  of  an  infinitely  long  scaffold  in  situ.  Nodal 
displacements on the lateral faces were constrained in the horizontal direction to simulate this 
assumption. The bottom substrate was fixed and fully constrained in all directions. All the beads 
were  assumed  to  be  rigid  and  fixed.  Frictionless  sliding  contact  was  assumed  between  the 
granulation  tissue,  the  fixed  beads  and  the  bottom  substrate.  The  rationale  was  that  although 
adhesion of the tissue to the beads would occur, the resulting forces would be small in relation to 
the  contact  forces.  This  was  also  in  keeping  with  the  aforementioned  study  [219]  where  a 
frictionless case was shown to be a reasonable initial choice.  
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Figure 6.5: The boundary conditions applied to the model. The bottom substrate was constrained in 
all directions. A compressive pressure of 5 MPa and micromotion in the form of lateral 
displacements were applied to the top surface of the bone. Nodal displacements on the lateral faces 
of only the granulation tissue were applied to simulate an infinitely long scaffold. 
 
The press fit condition was represented by applying a compressive stress of 5MPa, corresponding 
to the maximum load predicted along the length of a press fit porous coated implant  [234]. To 
simulate the effects of micromotion at the bone implant interface, a lateral displacement of 1, 10, 20 
and 100 microns was applied to the upper surface of the bone. There were three loading cases used 
in the study. The first loading case was a set number of cycles of the compressive load used for the 
press  fit  condition.  This  was  then  followed  by  a  combination  of  the  compressive  force  and 
micromotion  in  one  direction  on  the  top  surface  of  bone.  The  next  loading  case  included  the 
compressive force and micromotion applied in the opposite direction. These loading cycles were 
then  set  to  run  for  a  set  number  of  iterations.  The  finite  element  model  with  the  loading  and 
boundary conditions is shown in figure 6.5. 
 
Material properties were assigned based on values obtained in literature and tabulated previously 
in  chapter  4.  All  the  materials  were  modelled  as  linear,  elastic  and  isotropic.  The  bone  layer 
assumed was cancellous, modelled with an elastic modulus of 500 MPa and Poisson’s ratio of 0.3. 
The titanium substrate was modelled with an elastic modulus of 110 GPa and Poisson’s ratio of 0.3. 
The porous coating, also made of titanium was assumed to be 50% as dense as the parent material Chapter 6                   Tissue Differentiation in the Pore Space 
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and given an elastic modulus of 55 GPa and Poisson’s ratio 0.3. This was in keeping with the study 
by Ramamurti et al [21]., where the beads were modelled in a similar way. Granulation tissue was 
assigned an elastic modulus of 1MPa with a Poisson’s ratio of 0.17.  
 
The emphasis of the study was not on the surrounding bone, beads or substrate and was focussed 
entirely on the transformation of the initial granulation tissues in the pores into any of the three 
primary tissues; bone, cartilage or fibrous tissue. The region of interest is shown in figure 6.6. 
 
 
 
Figure 6.6: The granulation tissue surrounding the beads that undergoes differentiation.  
 
The hypothesis and the associated developed algorithm was implemented in method 1 as described 
in chapter 3 until the defined number of iterations or there was less than 5% change in tissue type 
between two successive iterations. The number of iterations was always kept high (~30 iterations) 
to avoid premature termination of the simulation in case the number of cycles was completed and 
there was still more than 5% tissue change at every iteration. In almost all cases, the iterations 
stopped at the latter criteria rather than the completion of the iterations. 
 
In keeping with the methodology used in the previous chapters, the value of K to be used in the 
simulations needed to be determined. K, the weighting factor for the dilatational component of the 
osteogenic index was investigated for values of K=0, 0.5, 1, 2, 3 etc for a micromotion value of 20 
microns. This value represents an intermediate level of micromotion, which has been shown in 
literature to show formation of all three tissue types, good bone formation along with fibrous tissue 
and  cartilage  [7].  By  comparing  the  results  obtained  to the  description  of  the  tissues  found  in 
literature, the value of K to be used for the remainder of the simulations can be determined. In 
addition, the results obtained by Liu et al [219] for 20 microns micromotion in a similar model but 
employing a different hypothesis and modification was also used to check which value of K matched 
closest. 
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6.4 RESULTS 
 
6.4.1  SELECTION OF K VALUE 
 
The results obtained were first used to choose an ideal value of K, after which that value would be 
used for the remainder of the studies on the influence of micromotion. The first set of results is 
shown in figure 6.7 across four K values considered; K=0.5, 1, 2, 3 and for a micromotion value of 20 
microns.  Only  the  change  in  granulation  tissue  is  shown,  without  any  additional  geometry,  the 
surrounding bone, beads and substrate present. The results presented for choosing K are the plots 
obtained after tissue stabilization.  
 
                
  K=0.5                   K=1 
      
             
                                         K=2                  K=3 
 
 
 
Figure 6.7: The transformed granulation tissue for different K values for 20 microns micromotion.  
 
The plots obtained for different K values were compared to the description of tissues in literature 
[7,143] and the finite element study of Liu et al. K=0.5 and 1 showed excessive formation of fibrous 
tissue in the pore space which is not to be expected for a relatively low micromotion level of 20 
microns. Bone and cartilage formation were very limited and did not represent a feasible scenario. Chapter 6                   Tissue Differentiation in the Pore Space 
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K=2 and K=3 were very similar in their distribution of bone tissue but different in the cartilage and 
fibrous  tissue  percentage.  However,  the  description  of  K=2  was  the  closest  to  observations  in 
literature; with bone formation in the top layer of beads and interconnectivity around the beads 
with significant fibrous tissue formation near the substrate. Moreover, the location and percentage 
of bone tissue formed also closely matched the results obtained by Liu et al at stabilisation. Based 
on these comparisons, this value was selected for the remainder of the study.  
 
6.4.2  INFLUENCE OF MICROMOTION 
 
With the K value decided, the simulations were run with the algorithm to investigate the influence 
of micromotion on tissue differentiation in the pores. Micromotion ranging from 1 micron to 100 
microns  was  investigated  and  tissue  differentiation  plots  were  obtained.  The  specific  values  of 
micromotion used were 1µm, 10µm, 20µm and 100 µm. The low value of 1 micron would represent 
the ideal scenario where the implant is well fixed and there is minimal or no micromotion, and 100 
would represent the extreme case. Plots were obtained of the initial stages of tissue formation and 
the final stabilised stage. 
 
 The two stages reported here distinguish between the percentage of tissues formed in the initial 
stages of the iterations and at tissue stabilisation that normally occurs around iteration 20±5 in 
most cases. Iterations 5 and ~20 were chosen as they presented the best possible time frame for 
each case to illustrate the disparity in the type of tissue formed. 
 
MICROMOTION = 1 MICRONS 
 
Iteration 5                        Stabilisation 
 
         
 
MICROMOTION = 10 MICRONS 
Iteration 5                        Stabilisation 
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MICROMOTION = 20 MICRONS 
Iteration 5                        Stabilisation 
 
         
 
MICROMOTION = 100 MICRONS 
Iteration 5                     Stabilisation 
 
          
 
 
 
Figure 6.8: Tissue formation in the pore space for different levels of micromotion during initial 
stages of tissue differentiation (left) and at stabilisation of tissue (right).  
The results clearly show the change in tissue type from granulation tissue into bone, cartilage or 
fibrous tissue (figure 6.8). There is considerable change in tissue type across iterations as well as 
different levels of micromotion. A high level of micromotion, representative here of poor initial Chapter 6                   Tissue Differentiation in the Pore Space 
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fixation  and  simulated  by  a  micromotion  of  100  microns,  clearly  shows  a  large  percentage  of 
fibrous tissue at the end of the iterations. Even during the early stages, the level of fibrous tissue is 
far  greater  than  any  of the  other  tissue  types  formed,  accounting  for  nearly  85%  of the  tissue 
formed in the pore space.  
 
Considering lower levels of micromotion, in the case of 1 micron micromotion, which represents an 
extremely well fixed implant, the results are quite different. Even during the initial stages, though 
bone formation is very low and restricted to the interface regions, there  is a large presence of 
cartilage tissue (~65%). Towards the end of the iterations however, there was a large amount of 
bone formation, increasing to nearly 35% of the pore space. In addition, there was also very good 
interconnectivity of bone around the beads of the top layer and extending to the mid layer of beads. 
It should however be noted that it would be extremely difficult to limit micromotion to this level 
and  this  represents  a  best  case  scenario. For  intermediate  levels  of micromotion  of 10  and  20 
microns, which represent micromotion comparable to conditions in vivo, and can be thought to be 
achieved through reaming and proper placement of the prosthesis, the results suggest that bone 
formation is far less, with the proportion of cartilage tissue increasing and then subsiding, with 
increasing amount of fibrous tissue formation. The percentage of tissues formed for the different 
levels of micromotion is shown in figure 6.9. 
 
 
Figure 6.9: The percentage of each tissue type formed for different levels of micromotion. 
 
In the case of 10 microns micromotion, fibrous tissue is prominent during the initial stages, similar 
to the case of 100 microns but then bone percentage gradually increases to occupy regions in the 
top layer of beads with added interconnectivity during the final stages. There is also a large amount 
of  cartilage  tissue  present  which  could  help  stabilize  the  prosthesis.  Fibrous  tissue  at  tissue 
stabilisation is restricted to regions around the substrate and occupies less area (15%) compared 
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to bone (20%) and cartilage (65%). A similar trend is observed in the 20 micron case, with poor 
bone ingrowth during the initial stages, but resulting in around 16% of the pore space being filled 
towards  the  final  stages.  However,  the  amount  of  cartilage  tissue  eventually  formed  is  vastly 
reduced with fibrous tissue the prominent tissue type, accounting for nearly 49% of the pore space. 
Cartilage occupies a relatively small region as compared to the 10 micron case, restricted to mid 
regions of the structure and filling up around 35% of the pore space. 
 
6.5 DISCUSSION  
 
Micromotion  is  a  key  parameter  that  determines  the  type  of  tissues  formed  at  the  interface, 
especially for uncemented implants. This purely mechanical parameter has been shown to regulate 
osteoblastic and osteoclastic activity at the interface [272,273] and therefore influence long term 
stability of the implant. The premise of large micromotions promoting the formation of fibrous 
tissue rather than bone has been well cited in literature [9,151,163,177,271,274,275]. The aim of 
the study was to simulate tissue differentiation, particularly ingrowth of bone at the interface of a 
typical beaded coating for different levels of micromotion. The results obtained in the study agree 
well with literature, with increasing levels of micromotion disposed to form fibrous tissue rather 
than bone.  
 
With  the  largest  micromotion  case  of  100  microns,  bone  and  cartilage  formation  was  very 
restricted, and occupied only the regions near the interface with no interconnectivity around the 
beads. Although representing bone ingrowth, the interface would still be assumed to be weak due 
to the presence of a large amount of fibrous tissue. A parallel can be drawn to the study by Jasty et 
al.[7], where bone formation was found even in the case of 150µm micromotion, but was noted to 
have no continuity to the surrounding bone or with bone formed in other pore spaces. Additionally, 
most of the pore space was found to be filled with dense fibrous tissue, from the substrate to the 
top layer of the coating. The results are more in agreement with the cited study for lower levels of 
micromotion.  Micromotion  values  of  0  and  20µm  resulted  in  good  bone  ingrowth  with 
interconnectivity between bone in the pores and with the surrounding bone. However, it also has to 
be acknowledged that the coating used in the Jasty et al study was a fibre mesh, so finer points on 
specific regions of ingrowth and fibrous tissue formation cannot be commented on. 
 
The large percentage of bone and cartilage tissue formed in the lowest micromotion case would be 
ideal, as literature reports that bone occupying around 40% of the pore space would represent 
good bone ingrowth [138]. However, this is not often achieved clinically and even 10-20% of bone 
occupied tissue can provide a stable long term fixation. Jasty et al.[276], in another study noted that 
even with a low ingrowth of only 5.5%, but with interconnectivity in some regions, the fixation was 
stable and categorised as “good ingrowth”. The percentage of bone and cartilage formed in the 
current study for the 10 and 20 micron cases can be categorised as being in this “good ingrowth” Chapter 6                   Tissue Differentiation in the Pore Space 
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category. Although with an extremely low percentage of bone as compared to other tissues, it could 
still provide good fixation.  
 
Liu et al [219] carried out bone ingrowth simulations into the pore space with a similar geometry. 
However,  the  tissues  were  modelled  as  being  biphasic  and  hence  employing  the  hypothesis  of 
Prendergast et al [8]  with remodelling modifications . It was found that for micromotion exceeding 
20 microns, there was minimal bone formation but formation of soft tissue. At 5 and 10 microns 
micromotion, the results reflected the current study at micromotions of 1 and 10 microns. It was 
found in the study that at tissue stabilisation, there was interconnectivity of bone between the 
beads in certain regions, with no bone resorption at the interface. However, unlike the current 
study where there was fibrous and cartilage tissue formation in regions near the substrate, there 
was no tissue formation near the substrate. This was observed for all of the micromotion levels 
simulated. Bone was simulated to form near the interface and one level of beads down depending 
on how high and low the micromotions were respectively.  
 
There  are  a  number  of  limitations  to  the  study.  Firstly,  the  geometry  used  was  simplified  and 
represented an idealised representation of the interface between the porous coating and bone. The 
actual geometry is complex and random, with possible ingrowth with interconnectivity and tissue 
differentiation  across  the  3D  structure  between  the  beads  presenting  more  complexity.  The 
interaction of the tissue in a 3D environment with the interfacial bone and rigid beads would differ 
significantly compared to the present model. In addition, the loading conditions described with 
compressive fit and micromotion applied to the top layer of the bone is very basic with no temporal 
scale involved in the loading regime. The duration and frequency of the loading cycle is important 
and due to the lack of experiments relating specifically to the current study, this has not been 
possible.  However,  the  study  does  present  a  unique  and  novel  technique  to  determine  if 
micromotion does relate to the tissues formed at the interface; for example, high micromotions 
hindering bone ingrowth has been clearly shown in the study. Another shortcoming is the presence 
of a non changing bone volume used in the study. The emphasis on tissue differentiation in the pore 
space  in  this  simplified  model  did  not  warrant  the  changes  in  surrounding  bone.  The  author 
acknowledges that tissue differentiation and bone changes often go together and modelling changes 
in the surrounding bone volume could be an important step in improving the model. 
 
The algorithm could predict bone ingrowth and tissue differentiation in the pore space based on 
micromotion that matches well with literature. Although extremely good fixation of implants with 
micromotion levels of 1 micron is hard to accomplish surgically, the results obtained for the more 
attainable 10 and 20 microns cases in the current study also show encouraging results for further 
ingrowth. High micromotion of 100 microns simulated the formation of fibrous tissue occupying 
the majority of the pore space and going by the results obtained, would present a scenario where 
the implant is stabilised only by the initial frictional interlock with little or no contribution through 
bone ingrowth.  Chapter 6                   Tissue Differentiation in the Pore Space 
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The beaded porous coating continues to be a popular coating for osseointegration of implants with 
bone. The coating provides good surface morphology for bone ingrowth as compared to roughened 
plasma sprayed surfaces [155], with a three dimensional morphology for interconnectivity between 
the tissues formed that contributes to the stability at the interface by limiting micromotion and 
migration. In addition, as shown by Simmons et al.[156], in a finite element study, the morphology 
of the coating also provides strain protected regions that could be beneficial for osseointegration. 
With specific aims of promoting osseointegration into the pores, the key is to limit micromotion at 
the interface through better initial fixation.  
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6.6 COMPARATIVE STUDY OF THE EFFECT OF 
MICROMOTION ON TISSUE DIFFERENTIATION FOR 2 
LAYER AND 3 LAYER BEADED COATINGS  
 
6.6.1  INTRODUCTION 
 
The beaded porous coating, described in detail in the previous chapter, is one of the most popular 
porous coatings for long-term osseointegration of the implant. However, there are a number of 
factors specific to the coating that can influence the type of tissue formed at the interface. Some of 
these have been highlighted in Chapter 2. Pore size and porosity have been studied extensively 
[147,251,277]  and  different  surfaces  and  materials  for  ingrowth  have  been  investigated 
[152,169,278]. However, the depth of the coating, i.e. the number of layers used for the coating is 
one such factor that could also influence tissue differentiation at the interface and has not been 
investigated in much detail.  Among the few studies conducted, there have been mixed reports on 
the importance of the depth of the coating. Cook et al.[151] reported no significant influence of the 
depth of coating or the number of layers on the formation of bone.  However, Friedman et al.[153], 
in an animal study showed disparity in the initial osseointegration rates between different surfaces 
and layers of beaded coatings. Another study has highlighted the importance of having multiple 
layers, but entirely for the integrity of the coating [279]. Overall, there remains no clear verification 
on the influence of the number of layers in a coating on osseointegration or tissue differentiation at 
the interface.  
 
The  importance  of  micromotion  in  regulating  tissue  differentiation  in  the  pore  space  has  been 
highlighted  in  the  previous  chapter.  Computational  simulation  of  the  effect  of  micromotion  on 
tissue differentiation in the pore space for two different configurations of coating has not been 
previously reported. Given this lack information on what could be an important factor determining 
ingrowth at the interface, the current study therefore aims to simulate tissue differentiation in the 
pore space for two different coating configurations. 
 
6.6.2  AIM 
 
The aim of the study was to investigate the influence of pore geometry, specifically 2 and 3 layered 
beaded coatings on tissue differentiation in the pore space for different levels of micromotion. 
 
6.6.3  METHODOLOGY 
 
The rationale behind the choice of 2 and 3 layers was based on common configurations used for the 
beaded coatings and the requirement of multilayer coatings for improved tensile strength [279]. Chapter 6                   Tissue Differentiation in the Pore Space 
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Moreover, interconnectivity of pore space is an important factor in determining interfacial strength 
if osseointegration occurs. A single layer of beads attached to the substrate would not satisfy these 
criteria and was hence excluded. 
 
    
(a) 
    
(b) 
Figure 6.10: (a) two layered beaded coating with top (left) and sectional views (right) (b) three 
layered beaded coating with top (left) and sectional views (right). 
 
The development of the 3 layered model was explained in the previous chapter. The two and three 
layered samples obtained were kept as reference for developing the finite element models. Top and 
sectional views of the coating are shown in figure 6.10. For the purpose of the current study, an 
additional finite element model was developed with a 2 layered beaded structure based on the 2 
layered samples obtained (figure 6.10b) and the existing 3 layered model.  In the finite element 
model, this was carried out by eliminating the topmost layer and using the middle layer as the top 
layer. The bone layer was interfaced with this layer as shown in figure 6.11.  The dimensions of the 
structure were 1mm x 0.675mm, the titanium substrate was of the same thickness, measuring 100 
microns.  The  beads  measured  200  microns  in  diameter.  The  distance  between  the  beads  was 
approximately 60 microns and the bone-granulation tissue was 250 microns from the top surface of 
the bone. Most of the dimensions remained the same, except for the absence of the additional layer 
that was present in the previous study. The structure was then meshed using elements of the same Chapter 6                   Tissue Differentiation in the Pore Space 
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size used in the 3 layer study (mesh size of 10 microns). The resultant mesh had a total of 23145 
nodes and 8422 elements, with 2493 elements in the granulation tissue under consideration. 
 
 
 
 
 
 
Figure 6.11: The finite element models used in the study (left) along with the area of interest 
(right). The three layer (top) and two layer (bottom) models are shown along with their pore space. 
 
The boundary conditions used were similar to those used for the 3 layer study in the previous 
chapter; a compressive force was applied to the top surface of the bone, with micromotion applied 
as displacements at the same location. The lateral faces were simulated to be part of an infinitely 
long scaffold in situ. The substrate and beads were modelled to be rigid. These boundary conditions 
were the same applied to the three layer model; hence a direct comparison could be made on the 
tissue change in the pores. The same levels of micromotion were investigated, ranging from 1-100 
microns. As reported in the last study, the emphasis was on the differentiation of the granulation 
tissue in the pore space. To maintain uniformity with the three layer model, the value of K used was Chapter 6                   Tissue Differentiation in the Pore Space 
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also kept the same based on the justification provided in the previous study and applied to the two 
layered model. This enabled a direct comparison between the two models. 
 
6.6.4  RESULTS  
 
The  results  are  presented  based  on  a  visual  and  quantitative  comparison  of  the  type  of  tissue 
formed in both models with the same boundary conditions and loads. The percentage of the type of 
tissue formed in each case is reported. The results are shown with the plots of the differentiated 
tissue  through  three  distinct  stages  at  the  start,  the  intermediate  and  the  final  iterations.  The 
micromotion plots for each of the stages for the two models are shown in figures 6.12 - 6.15.   
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MICROMOTION = 1 MICRONS 
 
Iteration 5 
 
 
 
 Iteration 10 
 
 
 
Stabilisation 
 
 
 
 
 
Figure 6.12: Tissue formation in the pore space for 1µ micromotion at the start (top), intermediate 
(middle) and at stabilisation of tissue (bottom).  
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MICROMOTION = 10 MICRONS 
 
 Iteration 5 
 
 
 
Iteration 10 
 
 
 
 
 Stabilisation 
 
 
 
 
 
Figure 6.13: Tissue formation in the pore space for 10µ micromotion at the start (top), intermediate 
(middle) and at stabilisation of tissue (bottom). 
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MICROMOTION = 20 MICRONS 
 
Iteration 5 
 
 
 
Iteration 10 
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Figure 6.14: Tissue formation in the pore space for 20µ micromotion at the start (top), intermediate 
(middle) and at stabilisation of tissue (bottom). 
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MICROMOTION = 100 MICRONS 
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Figure 6.15: Tissue formation in the pore space for 100µ micromotion at the start (top), 
intermediate (middle) and at stabilisation of tissue (bottom). 
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The plots obtained for the tissue type formed in each case show that the two layered structure is 
more conducive to bone ingrowth when compared to the 3 layered structure. This is seen across all 
degrees of micromotion. In the case of the lowest level micromotion of 1 micron, there is very good 
bone ingrowth for both models. However, the 2 layered structure appears to be more stable, with 
excellent  ingrowth  even  during  the  initial  iterations,  and  additional  interconnectivity  of  bone 
formed between the beads. During the last iterations, bone extends to the region near the substrate, 
with fibrous tissue accounting for only 1% of the formed tissue type. In the 3 layer case, during the 
initial stages, there is very little bone formation, restricted to the region between the top layer of 
beads. The major tissue types at this stage are fibrous and cartilage accounting for nearly 55% and 
35% of the transformed tissue. However, during the final iterations, bone formation is substantial, 
increasing to about 35%, albeit, still well short of the 85% in the 2 layered coating. There is good 
interconnectivity of the bone formed at the top layer of the beads with a large formation of cartilage 
in the mid regions and a decrease in the formation of fibrous tissue.  
 
For  slightly  higher  levels  of  micromotion  of  10  and  20  microns,  still  well  under  the  values  of 
micromotion that literature reports to be detrimental to ingrowth, the 2 layered model shows more 
ingrowth of bone, but considerably reduced to that formed in the 1 micron case. For 10 microns 
micromotion, bone occupies the top layer completely with interconnectivity between the beads 
during the initial iterations and increases as the iterations progress to occupy regions around the 
bottom layer of beads.  The percentage increase in bone tissue is nearly 40% from the start to the 
finish of the iterations. For the three layered structure, the starting stages are similar to the 1 
micron case, with respect to bone formation. Fibrous tissue occupies most of the differentiated 
tissue  space  at  the  start  and  is  gradually  occupied  by  fibrous  tissue  in  the  later  stages.  Bone 
formation is not substantial and at the end of the iterations, occupies only 20% of the tissue space, 
around the top layer of beads. Cartilage formation is prominent in the mid regions with fibrous 
tissue formation along the pore space near the substrate. 
 
For  an  intermediate  micromotion  value  of  20  microns,  the  amount  of  fibrous  tissue  formation 
increases in the 3 layered model and is the prominent tissue type formed for most iterations. This 
reduces towards the final iterations, but is still considerably large, occupying nearly 50% of the 
pore space. Bone tissue formed is similar to the 10 micron case through the iterations, occupying 
16% of the pore space, restricted to in and around the pore space near the topmost layer of beads. 
The two layered model follows the 10 micron micromotion case as well, with steady bone ingrowth, 
but restricted to the top layer of beads and no formation near the substrate. Cartilage and fibrous 
tissue occupy the mid and bottom regions respectively. The total amount of bone formed occupied 
nearly  70%  of  the  pore  space  with  cartilage  and  fibrous  tissue  accounting  for  20%  and  10% 
respectively. A comparative graph showing the percentage of tissues formed for the models for 
different levels of micromotion is shown in figure 6.16. 
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Figure 6.16: A combined graph of tissue type formed for the two and three layer models for 
different levels of micromotion. 
 
For the highest micromotion case of 100 microns, bone formation in the pore space is limited for 
both  models,  particularly  for  the  3  layered  structure.  Considering  the  amount  of  bone  formed 
throughout the iterations, there is less than a 3% change with a final resting value of well under 10 
% tissue formed. The majority of the tissue is fibrous, filling up nearly 85% of the pore space. The 
situation is similar for the 2 layered structure with total bone formation of 30% at the end of the 
iterations,  the  lowest  for  all  micromotion  levels  considered.  Fibrous  tissue  is  again  prominent, 
filling up the pore space near the substrate and mid regions.  55% of the pore space is fibrous with 
around 15 % of cartilage tissue formed. 
 
6.6.5  DISCUSSION 
 
For large degrees of micromotion at the surface of the bone, the differentiation of granulation tissue 
to fibrous tissue was expected for both models. As seen in the previous chapter and extensively in 
literature,  large  micromotions  have  a  detrimental  influence  on  bone  ingrowth  and  encourage 
fibrous tissue formation [6,7,143,266] . However, in the current study, the two layer models clearly 
display  more  bone  ingrowth,  particularly  at  lower  micromotion  values,  even  at  high  levels  of 
micromotion.  
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In an animal study by Simmons et al. [155] comparing osseointegration in a 2 layer beaded coating 
on an implant to a plasma spray coated one, it was reported that the beaded coating showed more 
rapid and extensive osseointegration, with greater attachment strength and interfacial stiffness. 
Although plasma sprayed coatings have not been considered due to the complexity involved in 
modelling the coated surface, a similar outcome is observed in the current study. Bone formation is 
observed to be rapid, which can help reduce further micromotion at the interface and encourage 
more bone formation.  For all micromotion values, there is rapid bone and cartilage formation that 
helps  stabilise  the  interface  and  promote  stronger  tissue  formation  for  the  remainder  of  the 
iterations. This further helps reduce fibrous tissue formation, limiting it to mostly regions near the 
substrate. Figure 6.17 shows the regions of osseointegration for the beaded coating found in the 
Simmons et al. study.  
 
 
 
Figure 6.17: Back-scattered electron micrograph of the 2 layer beaded porous coated surface after 
16 days post implantation.  White regions (shown by the arrows) depict regions of 
osseointegration[155]. 
 
Mechanical integrity of the coating is extremely important in preventing delamination or wear of 
particles  from  the  coating  that  may  result  in  osteolysis.  While  having  only  a  single  layer  may 
compromise on the tensile strength, too many layers can cause delamination of the beads in the top 
layers of the coating. Debris from beaded coatings due to repetitive loading has been cited earlier 
[280]. Pilliar et al [281] reported that this could be avoided if the porosity could be reduced, but a 
potential pitfall of this would be the diminished availability of space for tissues to form. Conversely, 
by employing many layers, other than mechanical integrity problems, the penetration depth for 
tissues being too large in coatings also remain a worry.  
 
As noted in the previous chapter, computational simulations inevitably include simplifications and 
assumptions. In addition to the issues raised in the previous chapter, the results obtained in the 
study  cannot  be  directly  compared  to  literature  due  to  the  approximations  made  during  the Chapter 6                   Tissue Differentiation in the Pore Space 
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formulation of the algorithm and the exclusion of biological effects so essential for bone ingrowth. 
Based on mechanical conditions alone, the results are promising; favouring the two layered beaded 
structure.  However, according to a clinical study by Friedman et al  [153], comparing different 
surface textures that included two different beaded configurations of one and three layers, along 
with plasma sprayed and arc deposited surfaces, it was found that for bone ingrowth, although the 
short term results favoured the single layer structure, the long term effects were similar in both 
configurations. The amount of ingrown bone was similar at the end of the 12 week test period with 
around 60% apposition to bone. The conclusion of the study was that at the end of the testing 
period of 12 weeks, there was no advantage of multiple layers of beads on bone ingrowth. If this 
result is applied to the in silico model, it can be hypothesised that the good bone ingrowth shown 
for the two layered structure can be attained by the three layer model as well, if the methodology 
used modelled temporal aspects of tissue differentiation. 
 
There  are  limitations  to  the  model  that  need  to  be  considered.  Firstly,  the  models  are 
simplifications of the actual beaded coating geometries. Other than the simplification of the three 
dimensional  geometry  as  a  two  dimensional  one,  the  structure  has  been  idealised  for  ease  of 
simulation. In reality, the sintered beads would have a randomised scatter on the substrate and the 
periodic arrangement described in the study would occur less frequently due to the variations in 
the  sintering  process.  The  prediction  of  tissue  formation  for  both  the  geometries  needs  to  be 
corroborated by experimental data by incorporating mechanical and biological factors. Currently, 
the algorithm works based on mechanical stimuli but literature has shown that biological factors 
can  be  responsible  for  bone  formation  from  within  the  porous  coating,  from  on  or  near  the 
substrate  and  extending  towards  the  interface  [122].  Simulating  this  would  require  extensive 
experimental or clinical data which is currently not available in literature.  
 
To conclude, based on the results obtained in the simulation, it can be hypothesised that the two 
layer model has its advantages with rapid bone ingrowth for low and high levels of micromotion. 
This could lead to very early stabilization of the implant and minimize micromotion that could 
encourage  more  bone  ingrowth.  The  two  layer  structure  also  presents  a  more  stable  structure 
mechanically  to  encounter  shear  forces  at  the  interface.  The  three  layered  structure,  although 
reported to have almost equal bone ingrowth long term [153], does not provide the implant the 
rapid initial bone ingrowth to stabilize the implant from further micromotion. The three layers also 
protect the tissue between the pores from mechanical effects that could be detrimental to bone 
formation as granulation tissue needs to be stimulated, albeit with low mechanical stimuli, for it to 
differentiate and encourage osteogenic cells to the site. This is particularly notable in regions near 
the substrate. The two layered structure provides the appropriate mechanical stimuli for the tissue 
in between the pores to differentiate into bone. Overall, based on short term results in this study, 
the two layered structure presents a distinct advantage over the three dimensional counterpart.  
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CHAPTER 7   
 
DISCUSSION AND CONCLUSIONS 
 
 
This chapter aims to summarise the work presented in the individual chapters with emphasis on 
the novelty and impact of the findings in a clinical setting. The chapter is presented in three main 
sections; motivation, addressing the importance and the need of the research presented; novelty, 
accentuating the findings of the case studies on implant design through the deployment of the novel 
algorithm and the application section, covering overall conclusions, implications of the research 
and its potential use as a preclinical testing tool for predicting implant behaviour. 
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7.1 MOTIVATION 
 
The number of hip replacement surgeries is on the rise in many countries as evidenced in the 
national  joint  registries  of  various  countries  [2,50,59,137,282].  This  may  be  expected,  with  the 
benefits  of  THA  extended  to  the  younger  more  active  patient  and  the  improved  quality  of  life 
possible post implantation, including pain relief and a resumption of normal activities. However, 
the marked increase in the number of surgeries includes both primary and revision hip procedures. 
To exemplify the rise in revision surgeries, according to the national joint registry of England and 
Wales,  there  was  an  overall  increase  of  around  1000  hip  procedures  reported  in  2010  in 
comparison to 2009, with revision procedures alone accounting for 10% of this increase, a 1% 
increase  in  a  one  year  period  [2].  Although  hip  replacements  have  enjoyed  good  clinical 
performance  with  survivorship  of over  95%  at  10  years  [2,50,59,137,282],  the  aforementioned 
example shows that primary hip replacements are by no means fail-safe and implant longevity 
remains a concern. With the average age of patients requiring primary hip surgeries decreasing 
every  year,  and  considering  the  active  life  they  lead  and  the  resultant  higher  demands  on  the 
implant, the onus is on providing a long lasting, well functioning implant and reducing the need for 
a revision procedure.  
 
Other  than  patient  trauma,  the  socio-economic  problems  associated  with  primary  and  revision 
surgery are high, with the burden on manufacturers, hospitals and surgeons to provide the best 
suited implant and procedure at the risk of not compromising patient activity and comfort. The 
economic burden and the need to reduce revision rates is further justified with revision surgeries 
costing nearly twice as much as primary hip surgeries [283]. With regards to fixation, cemented 
stems  have  traditionally  enjoyed  a  higher  rate  of  use  worldwide  [59].  However,  problems 
associated  with  cemented  fixation  such  as  osteolysis,  necrosis  and  debonding  have  resulted  in 
uncemented implants experiencing a strong rise in usage over the last few years, even more so than 
cemented implants in many countries [2,137,282]. This is not to say that uncemented implants 
have better longevity, but with improvements in implant design, comparable survivorship, and the 
age of patients requiring hip arthroplasties decreasing, the potential benefit of long term biological 
fixation offered by uncemented implants has proven popular. In addition, concerns over the costs 
associated with uncemented implant surgeries have also been alleviated as studies have shown that 
the overall cost is similar, if not less than that of cemented implant surgery [284,285]. Improvement 
of implant design, leading to better stability and osseointegration at the interface together with 
improved  instrumentation  and  surgical  techniques  are  vital  to  achieving  a  long  lasting,  well 
functioning implant. However, new designs would require extensive preclinical testing.  Implants 
that are under evaluated can lead to early failures as seen in the early recall of 3M capital hip 
prosthesis  and  more  recently,  the  ASR  resurfacing  system  (MDA  hazard  HN9801  and 
MDA/2010/069  respectively).  Comprehensive  preclinical  testing  of  these  implants  through  a 
combination of computational and experimental tests can help minimise the occurrence of such 
incidents.  Chapter 7                                        Discussion 
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Preclinical testing can help avoid potential problems by exploring possible failure scenarios and 
proposing  design  changes  that  can  improve  the  functional  performance  and  longevity  of  the 
implant. Factors such as implant micromotion, migration and subsidence can be measured through 
the use of mechanical testing machines [6,100,286] but others, such as osseointegration cannot be 
explored as it is an adaptive process and would require a combination of biological and mechanical 
inputs that could prove to be extremely difficult to replicate  in vitro. In addition, whereas new 
designs can be tested through mechanical testing, it can prove to be cumbersome, expensive and 
time consuming if design changes have to be incorporated based on the outcomes and fed back to 
the initial design stage in a repetitive process. In this case, computational evaluation through finite 
element models could prove beneficial due to its adaptability in incorporating new changes in a 
rapid manner. Parametric changes to loading and boundary conditions can be easily controlled and 
adjusted  as  per  user  requirement.  While  static  models  can  be  used  to  obtain  specific  outputs; 
dynamic inputs can also be incorporated in finite element models giving users complete control 
over the simulation.  
 
Adaptive  finite  element  models  have  been  used  extensively  in  the  past  to  simulate  different 
scenarios such as bone fracture healing [20,212,214-217,287-289] and bone remodelling around an 
implant  [207,290-295].  Implant  interface  behaviour  has  also  been  simulated,  albeit  in  a  few 
computational studies [21,234,269]. These studies have mainly focussed on the consequences of 
the lack of bone ingrowth or excessive micromotion at the interface without actually modelling the 
processes  adaptively  over  time.  Studies  specifically  dealing  with  tissue  differentiation  at  the 
interface have also been very limited. Of the few studies that have looked at this, the focus has 
either been on simulating experimental set ups with animal studies or simulating activity around 
implants in two dimensions [8,164,296].  
 
The current work aimed to add to the limited number of computational studies that have attempted 
to simulate tissue differentiation around implants. In particular, the studies presented in this thesis 
aimed to investigate design factors that could prove beneficial to osseointegration. Previous studies 
have only investigated static models, with the results used to hypothesise what would take place at 
the  interface.  For  example,  micromotion  plots  at  the  interface  showing  regions  of  eventual 
osseointegration or fibrous tissue formation. These studies have not shown the evolution of tissues 
at the interface through an adaptive process. If a tool, in this case a predictive algorithm based on 
finite element modelling can be formulated and verified, it could be used to predict how an implant 
design  could  influence  tissue  differentiation  around  it,  specifically  osseointegration.  This  could 
prove  beneficial  for  the  prediction  of  long  term  interfacial  behaviour  of  novel  implants,  which 
would normally not be possible to predict through conventional testing, and help eliminate weak or 
dubious  implant  designs  or  features,  and  emphasise  the  designs  that  can  contribute  to  better 
osseointegration.  
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7.2 NOVELTY 
 
The novelty of the work arises from the development of the new algorithm and its subsequent 
implementation to investigate design features of implants on tissue differentiation. This has been 
carried out by extending an existing mechanoregulatory hypothesis devised by Carter et al [23] for 
fracture healing, which was originally qualitative (described in detail in chapter 3), and modifying it 
to simulate actual tissue differentiation rather than predicting patterns of osteogenic index. Two 
methods have been formulated, in differing complexities, and implemented to study the behaviour 
of different implants and their specific design features. The main advantage of the algorithm is its 
simplicity and adaptability to study implant behaviour. Although other hypotheses and algorithms 
have  been  developed,  the  author  is  not  aware  of  any  similar  study  that  has  dealt  with  their 
application to studying implant design. The algorithm has been employed successfully for a number 
of case studies involving various implant designs and features to show progressive and iterative 
formation of tissues, proceeding until stabilisation. Demonstrating good corroboration with clinical 
studies  as  shown  in  the  case  studies,  the  algorithm  has  potential  to  be  used  as  a  qualitative 
indicator to predict implant interface behaviour and provide surgeons and implant manufacturers a 
tool to investigate various implant designs for ingrowth prior to implantation.  
 
A  recent  advancement  in  the  field  of uncemented  implants  has  been  the  development  of short 
stemmed  implants.  These  were  developed  in  an  attempt  to  minimise  a  number  of  long  term 
problems that have been observed in conventional long stemmed implants such as proximal bone 
atrophy,  thigh  pain,  extensive  remodelling  and  stress  shielding  (see  literature  review  section). 
There are a number of short stemmed implants in the market currently and tissue differentiation 
around  one such implant, the Proxima has been simulated. The implant  employs some specific 
design features such as the prominent lateral flare that has specifically added to provide stability 
and load the proximal femur adequately, preventing atrophy and loosening in the region due to 
stress shielding. Although the study presented in chapter 4 does not explicitly address this, the 
tissue  differentiation  patterns  found  around  the  implant  justify  the  inclusion  of  the  particular 
design  aspect  with  bone  formation  around  the  region.  The  results  obtained  in  the  study  have 
corroborated well with short term results seen in radiographs obtained from clinical studies. To 
evaluate the effect of the flare itself, a separate study detailing tissue formation without the flare 
was  carried  out  and  compared  to  the  original  implant.  A  difference  in  tissue  differentiation 
patterns, particularly in the quantity, location and rate of bone and fibrous tissue formation was 
observed. The implant incorporating the lateral flare showed more bone formation around and 
under  the  lateral  flare  when  compared  to  the  non  flared  model.  Thus,  the  study  shows  the 
importance  of  incorporating  specific  design  features,  in  this  case  the  lateral  flare,  to  enhance 
osseointegration.  
 
Long stemmed diaphyseal loading stems have been used successfully for the last three decades and 
a good example of such an implant is the anatomic medullary locking implant (AML). Literature on Chapter 7                                        Discussion 
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the  AML  demonstrate  excellent  clinical  results  for  both  short  and  long  term  follow  ups  of  the 
implant  [252].  Currently,  the  AML  is  used  in  its  extensively  coated  version  with  a  design  not 
dissimilar  to  when  it  was  first  introduced.  The  stem  of  the  implant  has  increased  in  diameter 
compared to the original design. Concerning the extent of porous coating used, the implant has not 
always been fully coated and different coating lengths have been investigated with the intention of 
avoiding  proximal  stress  shielding  and  achieving  bone  ingrowth.  Clinical  results  have  not 
demonstrated a preferable coating coverage for optimising bone ingrowth and avoiding problems 
associated  with  stress  shielding  [174,250,254].  The  present  work  found  that  the  fully  coated 
implant induced bone formation along the entire length of the stem in contact with the diaphysis, 
corroborating  well  with  clinical  results.  It  was  also  found  that  the  proximally  coated  version 
experienced a slightly higher percentage of bone ingrowth for its available surface area compared 
to  the  other  coating  geometries.  However,  the  fully  coated  implant  showed  more  overall  bone 
formation  due  to  the  larger  surface  area  available  over  the  entire  length  of  the  stem,  whilst 
exhibiting  comparable  results  to  the  proximally  1/3  and  3/4  coated  implants  in  terms  of 
percentage bone ingrown. This could provide additional support for the prosthesis. As there was no 
advantage to the proximally coated implant over the extensively coated implant in terms of bone 
ingrowth, and the latter offering larger areas for osseointegration, it was shown that extensively 
coating long stemmed implants is justified as a favourable option. 
 
The effect of micromotion has often been cited in literature of having a strong bearing on the type 
of tissues formed at the  interface (as detailed in chapter 2) and this has been computationally 
explored in chapter 6 in the form of a microscale model of a popular type of porous coating. Tissue 
differentiation in a typically used three layered beaded coating was investigated for different levels 
of micromotion, which was structured based on a similar study  by Liu et al.[297], but carried out 
with a different mechanoregulatory algorithm. Although the cited study was more complex as it 
incorporated  a  remodelling  segment  in  addition  to  tissue  differentiation,  based  on  the  results 
obtained without the addition of the segment, the results of the two studies were comparable. The 
addition of the remodelling segment in the cited study underestimated bone ingrowth within the 
pores but agreed with the general trend of higher micromotion levels decreasing bone formation. 
The  observations of the current study also corresponded  well with literature from clinical and 
animal studies with increasing levels of micromotion resulting in less bone and more fibrous tissue 
formation. The algorithm was then employed in a comparative study to investigate the difference, if 
any, of employing different levels of the beaded coating (by investigating the layered structure; 
three  layered  versus  two  layered)  on  tissue  differentiation.  Few  studies  have  investigated  this 
clinically, with animal studies often proving inconclusive in terms of highlighting a preferential type 
of coating [153]. However, the present results suggest a two layered coating offers better bone 
distribution with interconnectivity between the beads when compared to the typically used three 
layered  structure.  This  was  observed  for  all  levels  of  micromotion  simulated,  particularly 
pronounced for lower micromotion values. Although more complex models would be required to 
build confidence for application in a clinical setting, the findings of the study suggest that the two Chapter 7                                        Discussion 
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layered  beaded  coatings  may  perhaps  be  a  better  alternative.  This  could  potentially  have 
implications on future porous coatings designs on uncemented implants. 
 
The aim of the project was twofold; firstly, to successfully simulate tissue differentiation around 
uncemented  hip  implants  which  included  development  of  an  algorithm  based  on  an  existing 
mechanoregulatory  hypothesis.  Secondly,  to  apply  the  algorithm  for  the  assessment  of  various 
design features in uncemented implants that would be beneficial to osseointegration of the implant 
that could secure long term stable fixation. The application of the algorithm has included old and 
new implant designs with their associated features. Finer design features like the extent of the 
porous coating used and the design of the beaded coating itself have been investigated. This, to the 
author’s knowledge, is the first time that such work has been undertaken to this detail. Related 
studies have focussed primarily on the development of suitable algorithms and not exploring the 
influences of design on osseointegration. Stability and micromotion studies for different implants 
have been implemented computationally [269], however long term effects in terms of regulating 
tissue differentiation at the interface through an iterative, adaptive model has not been carried out. 
The case studies presented have addressed this through the use of the novel algorithm developed. 
 
7.3 APPLICATION 
 
A thorough understanding of osseointegration and the computational tools required to simulate the 
process is provided in the literature review of this thesis. However, it is the methodology adopted 
in the current project that is of significance in the context of this thesis. The technique of combining 
finite  element  models  with  an  underlying  mechanoregulatory  algorithm  enables  dynamic 
simulation of tissue differentiation. This is not just limited to the current work; the methodology 
can be modified to suit different adaptive processes related to skeletal morphology and adaptation. 
 
A  particularly  important  aspect  of  the  research  lies  in  its  application  to  implant  design  and 
development.  The  microscale  and  macroscale  models  that  have  been  used  to  simulate  tissue 
differentiation in this thesis provide valuable information on design features that can be considered 
important for osseointegration and also comments on others that may have a less significant effect 
on the process. Literature has cited aseptic loosening of uncemented implants to be a direct result 
of the lack of osseointegration at the bone-implant interface [266] and various implant designs and 
surface coatings have been developed with a view to promoting osseointegration. If the inclusion of 
certain  features  encourages  osseointegration  of  the  implant,  these  can  then  be  incorporated. 
Another advantage would be patient specific implant selection based on the type and quality of the 
femur. This would be particularly useful if there are abnormalities in the femur or pre-existing 
conditions that may compromise the longevity of the implant. However, it has to be acknowledged 
that  altering  implant  design  to  suit  long  term  stable  fixation  is  one  thing,  and  accounting  for 
functional  performance  is  another  issue  altogether.  Design  changes  made  to  promote Chapter 7                                        Discussion 
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osseointegration  should  not  compromise  other  factors  such  as  range  of  motion,  wear,  and 
positioning to name a few that could also lead to early failure of the implant.  
 
The methodology developed and described in this thesis can be used in conjunction with other 
techniques  (described  below)  to  provide  a  holistic  representation  of  interface  healing  and 
behaviour  post  implantation;  however,  as  with  any  computational  study,  the  findings  must  be 
assimilated within context of its limitations. One such limitation is the assignment of peak forces to 
represent  normal  walking  and  stair  climbing  loading.  Musculo-skeletal  models  have  been 
developed in conjunction  with finite element  models to study strain in the implanted femur at 
different  points  in  the  gait  cycle  [16].  Although  computationally  very  expensive,  if  the  current 
algorithm is combined with these models, a more accurate representation of tissue differentiation 
through time can be obtained. Another limitation of the work is that biological processes such as 
cellular influences, systemic factors and blood supply have not been simulated. All of these factors 
have been highlighted in literature (Chapter 2) as influencing osseointegration at the interface. 
However, the dearth of specific information and values for simulating these processes for implant 
healing has prevented their incorporation into the methodology. Unlike fracture healing which has 
been extensively reviewed through animal and clinical studies, if more information relating to these 
parameters are available in the future, they can then be combined with the developed algorithm to 
provide a more descriptive and comprehensive model.  In addition, there is also the possibility of 
adapting  the  algorithm  for  probabilistic  studies  to  investigate  implant  related  and  positioning 
factors that can influence tissue differentiation at the interface. Dopico-Gonzalez et al [298,299], for 
example, found that that implant design, positioning and femur characteristics affected strain and 
micromotion  at  the  interface;  the  current  study  if  combined  with  such  techniques  can  help 
determine the ideal positioning and design to promote osseointegration at the interface. Thus, the 
algorithm  can  be  easily  adapted  and  added  to  other  research  approaches  to  enhance  the 
performance and longevity of the implant. Even as a stand-alone component, the algorithm and the 
associated  features  can  be  used  to  get  a  qualitative  idea  of  how  an  implant  would  behave,  if 
preoperative CT scans of patients are available and correct implant sizing and position templating 
were  carried  out  prior  to  implantation.  Considering  fixation  alone,  the  long  term  predictive 
capabilities could help in decision making at the preoperative stage for a specific patient. 
 
To summarize, the developed algorithm that has been described and implemented in the chapters 
presented in this thesis have successfully predicted tissue formation, especially osseointegration 
around implants. The predicted patterns have matched closely with those reported in literature in 
the case of well documented implants and identified key locations in others that have not been so 
well  documented  due  to  their  recent  advent  and  short  implantation  time.  The  algorithm  has 
potential to be used as a preclinical testing tool to predict long term interface behaviour of novel 
implants. Moreover, design features that are beneficial to osseointegration at the interface have 
been  identified  and  can  be  incorporated  in  other  novel  implants.  In  light  of  the  limitations 
described above, the results obtained could be used to gauge qualitatively how certain implant Chapter 7                                        Discussion 
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designs  could  influence  the  process  positively  or  adversely.  The  author  believes  that  the  work 
presented contributes in a positive way to the betterment of implant design through prediction of 
long  term  interface  behaviour.  The  author  agrees  that  for  any  pre  clinical  testing  tool  to  be 
successful and minimise long term failure of implants, there should ideally be complimentary tests 
that  cover  different  possible  scenarios.  While  prediction  of  implant  behaviour  through  novel 
computational methods provides a good first step, laboratory testing and clinical testing will always 
be necessary to ensure other potential modes of failure are highlighted, and in turn inform further 
computational modelling efforts. 
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CHAPTER 8   
 
FUTURE WORK 
 
This chapter elaborates the improvements, additions and modifications that can be incorporated in 
the current work to improve its clinical relevance and applicability.Chapter 8                                    Future Work 
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The  previous  chapter  has  briefly  described  some  of  the  applications  of  the  current  work.  In 
addition, the limitations of the work have also been elucidated in the individual chapters. Based on 
these, there are a number of improvements and additions that can be incorporated in the future. A 
few of these are addressed in more detail in this chapter. 
 
Concerning  the  development  of  the  algorithm  from  the  mechanoregulatory  hypothesis,  the 
rationale  for  selection  was  the  simplicity  and  the  extensibility  (shown  by  the  quantitative 
development) of the hypothesis. However, issues remain on some aspects of the implementation, 
especially the value of K that has been chosen for the studies. In the original study by Carter, the 
value was chosen based on results obtained clinically for fracture healing. In the current work, K 
values have been chosen based on comparison to similar studies and/or short term radiographic 
evidence  or  information  gathered  from  literature.  While  this  may  be  reasonable  for  the  work 
carried out in this thesis, a better technique for the determination of K needs to be devised if the 
algorithm is to be applicable widely. Another improvement that can be made is the inclusion of 
biological and systemic factors in the study. Studies by Lacroix and Prendergast et al.[217,220] 
have included cellular activity by considering cell sources from the surrounding environment such 
as the periosteum and the muscles. While this would be apt for fracture healing, implant healing 
presents a different scenario with the marrow providing the majority of cells. If more research into 
the contribution of bone marrow to cell differentiation around implants is carried out, cell specific 
factors can be included and the algorithm strengthened. On a similar note, the influence of blood, 
oxygen and nutrient supply if simulated, can also be highly beneficial. Some of these have already 
been investigated independently [289,300] for different applications. Therefore, the incorporation 
of biological process to the existing algorithm could be highly beneficial and critical to simulating 
implant healing successfully. 
 
Increasing the complexity through the addition of new features is another future work area to be 
explored. As briefly mentioned in the applications section in the previous chapter, boundary and 
loading conditions used in the studies can be improved by incorporating more complexity. Rather 
than use peak forces on specific muscle groups during stair climbing and normal walking as has 
been carried out in the work, if the forces at different points in the gait cycle can be incorporated, 
along with the relevant boundary conditions, the results obtained would be more accurate and 
representative of what occurs in reality. Activities and their duration and frequency have been 
studies previously in literature [44] and if combined with the relevant loading information, can 
then be used to simulate implant healing on a temporal scale. This could have a positive outcome on 
the healing and rehabilitation regime a patient should be put through following an uncemented hip 
arthroplasty. 
 
Another future work would be to develop a tool to assist the surgeon plan an uncemented hip 
arthroplasty  in  view  of  obtaining  excellent  initial  stability  and  maximum  osseointegration. 
Probability studies for implant positioning have shown that some positions may be better than Chapter 8                                    Future Work 
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other to reduce bone strain and micromotion [299] and this information could be added to the 
work  presented  in  this  thesis  to  predict  bone  formation  under  various  positions  and  hence 
determine which would be ideal long term for osseointegration. 
 
Micromotion,  which  has  only  been  briefly  in  the  microscale  scale  study,  also  needs  to  be 
incorporated in the macroscale model. While the presence of an adaptive tissue layer presents a 
challenge,  other  modelling  methodologies,  such  as  those  employed  by  Kadir  et  al  [269]  and 
Keaveny et al [234] can be employed to include micromotion as a parameter to regulate tissue 
differentiation,  using  values  obtained  from  literature  for  determination  of  limits  for  tissue 
formation. In addition, another important addition that can be incorporated to the existing work is 
a remodelling component.  As literature as shown, remodelling and tissue differentiation occurs 
simultaneously  and  if  both  these  processes  can  be  implemented  together,  the  results  obtained 
could be more accurate. This has only been carried out in a two dimensional model for a coating  
[219] and not in a full implant model. Similarly, the changes to the bone surrounding the implant 
has  not  been  considered  and  adding  remodelling  to  the  simulated  tissue  in  addition  to  the 
surrounding bone would be more accurate representation of conditions in vivo. 
 
A  final  and  vital  area  of  further  work  would  be  experimental  data  to  corroborate  the  results 
obtained in the work presented in this thesis. Retrieval studies and results from radiographs have 
been an integral part of corroborating the results obtained in the study. The complexities involved 
in simulating the work experimentally are difficult to overcome; but smaller, specific experiments 
that  can  contribute  to the  accuracy  of the  algorithm  can  be  included.  For  example,  mechanical 
stimulation of osteogenic cells on a porous coating can help understand the stimuli needed for cells 
to  differentiate,  proliferate  and  form  bone.  Overall,  the  work  presented  in  this  thesis  is  well 
rounded and aims to answer many research questions but as is the case with research in any field, 
it can always be improved and executed better. 
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CHAPTER 9   
 
APPENDICES 
 
 
Supplementary material referenced in various chapters in the main body of this thesis is presented 
in this chapter. 
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9.2 APPENDIX B: MESH CONVERGENCE STUDY – 
PROXIMA 
 
The tissue differentiation patterns obtained at an intermediate stage of 10 iterations for different 
mesh combinations (Maximum element size, Minimum element size) shown below. As seen from 
the figure, the tissues formed across the combinations are comparable. 
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9.3 APPENDIX C: PROXIMA, IPS, AND COMPARISON TO 
CLINICAL DATA FOR THE DETERMINATION OF K 
 
The metaphyseal loading implants, Proxima (left) and the IPS (right) with the lateral flare marked 
(arrows). Note that the lateral flare of the Proxima is more pronounced. 
 
 
 
 
Shown  below,  the  tissue  differentiation  pattern  obtained  for  the  chosen  value  of  K=2  when 
compared to osseointegration patterns of the IPS reported in literature [237-239]. Note that the 
arrows denote the regions of bone formation, mostly under the lateral flare on the medial and 
lateral sides. The results match very well with the radiographic results. 
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9.4 APPENDIX D: FEMORAL CUT – BONE STRAINS 
 
 
Length of femur cut from 
stem tip (mm) 
Maximum principal bone 
strain (µε) 
20  2482 
40  2236 
60  2189 
80  1840 
100  1602 
120  1324 
140  1310 
160  1302 
180  1290 
Complete femur  1281 Chapter 9                            Appendix E 
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9.5 APPENDIX E: MESH CONVERGENCE STUDY – AML 
 
The tissue differentiation patterns obtained at an intermediate stage of 10 iterations for different 
mesh combinations (Maximum element size, Minimum element size) shown below. As seen from 
the figure, the tissues formed across the combinations are comparable with the exception of the    
(4,  0.5)  combination  which  demonstrates  a  slightly  different  pattern.  Considering  the  tissue 
thickness of the tissue layer was 0.750mm, the (3, 0.5) combination was found to be apt. 
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